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Preface 


During the annual Meeting of the EFCE-Working Party "High pressure technology" 
held October 8, 1993 , at Kaiseraugst, Switzerland, under the chairmanship of the 
late Prof. Helmut Tiltscher, it was decided to hold the 3rd International Symposium 
on High Pressure Chemical Engineering on October 7 - 9, 1996 at ETH in Zurich. 
Here, the Institute of Process Engineering and Cryogenics (Proffs Rudolf von Rohr 
and Trepp) have taken on the task of organizing the meeting. 


The two previous conferences were held in 1984 and 1990 in Erlangen, Germany, 
at a University with considerable impact on the promotion of this emerging 
technology in industry. Following the Erlangen tradition the Zurich symposium is 
also subdivided in three major sections, namely 

Chemical reaction engineering 

Separation processes and phase equilibria 

Plant, apparatus, machinery, measurements, control 

From the contributions offered, the papers section of the scientific committee has 
chosen a number of more than 60 as oral and about an equal number for poster 
presentations. This volume contains the text of all contributions (oral and posters) 
which have reached us in time, except the four invited papers. 


R.R. Ernst: NMR, a powerful tool for the investigation of molecules and 

materials at high and ambient pressure 
Materials processing with supercritical fluids 
Competing through technology 
High pressure machinery - a permanent challenge for 
engineers 

For these an other form and way of publication will be used. 


P. G. Debenedetti: 
C. Suter: 

G. Vetter: 


We are grateful to the lead scientists of this conference, experts in the area, for their 
contributions in coordinating the evaluation of contributed papers and maintaining 
the high quality of research papers in these proceedings. We especially acknow¬ 
ledge the professional help of reviewers from all over the world for selection of 
papers and suggestions for improvement of the content of accepted papers 
published in the proceedings. 


Finally, we greatly appreciate the cooperation provided by Drs Huub Manten- 
Werker of Elsevier Science Publishers B.V. for her preparation of these fine 
proceedings in a very timely manner. 


The Editors 
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Enhancing the Activity of Solid Acid Catalysts with Supercritical 
Reaction Media: Experiments and Theory @ 

Bala Subramaniam + and Daniel M. Ginosar* 

Department of Chemical and Petroleum Engineering 
University of Kansas, Lawrence, KS 66045-2223, U. S. A. 


A detailed mathematical model is presented for describing the coking and isomerization 
activity of a Pt/^AEOy catalyst in a tubular reactor. The main reaction is the acid-catalyzed 
isomerization of 1-hexene (P c = 31.7 bar; T c = 231°C). Consistent with our experimental 
observations, the model predicts that (i) near-critical reaction mixtures provide an optimum 
combination of transport and solvent properties for extracting coke precursors from the 
catalyst, thereby maximizing isomerization rates and minimizing catalyst deactivation rates; and 
(ii) the mitigation of feed peroxides and the addition of inert co-solvents significantly reduce 
oligomer formation in the fluid phase, thereby curtailing the coke formation (i.e., catalyst 
deactivation) rates. 


1. INTRODUCTION 

The deactivation of solid acid catalysts, such as those used in reforming and alkylation 
practice, by coking occurs because the coke precursors that are formed either in the fluid phase 
or on the catalyst have relatively low volatilities at the operating pressure and temperature. 
Supercritical media have been shown to offer a unique combination of solvent and transport 
properties for the in situ extraction of coke-forming compounds from porous catalysts. 
Reported investigations of the supercritical decoking concept are summarized elsewhere [lj. 

Employing 1-hexene isomerization on a Pt/yAEOj reforming catalyst as a model reaction 
system, we showed that isomerization rates are maximized and deactivation rates are minimized 
when operating with near-critical reaction mixtures [2]. The isomerization was carried out at 
281°C, which is about 1.1 times the critical temperature of 1-hexene. Since hexene isomers are 
the main reaction products, the critical temperature and pressure of the reaction mixture remain 
virtually unaffected by conversion. Thus, an optimum combination of gas-like transport 
properties and liquid-like densities can be achieved with relatively small changes in reactor 
pressure around the critical pressure (31.7 bars). Such an optimum combination of fluid 
properties was found to be better than either gas-phase or dense supercritical (i.e., liquid-like) 
reaction media for the in situ extraction of coke-forming compounds. 

The catalyst activity is determined by the coke extraction rate relative to the coke formation 
rate. The coke extraction rate is determined by the solubility of the coke compounds in the 
reaction mixture and the diffusivity of the extracted compounds through the porous catalyst. 
The coke formation on the catalyst occurs from the hexenes, and more significantly, from 
hexene oligomers formed in the fluid phase catalyzed by traces of peroxide impurities [3]. A 
detailed mathematical model is presented here to interpret the results presented in our earlier 
paper [2] and to develop a better understanding of the underlying physicochemical processes. 


@ Partially supported by the U. S. National Science Foundation (OSR-9255223) 

+ To whom correspondence concerning this paper should be addressed: bsubramaniam@ukans.edu 
’Presently at EG&G Idaho Inc., P. O. Box 1625, Idaho Falls. ID 83415 
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2. MODEL 

A single pore (radius r 0 , length 2L) model is employed to describe simultaneous transport, 
isomerization, coke formation and coke extraction in the Pt/^Al 203 catalyst. The model is a 
significant improvement over previous efforts summarized in a recent paper [4], Coke 
formation on the catalyst is assumed to occur from oligomers formed both in the bulk phase 
(catalyzed by peroxide impurities) and on the acid sites of the catalyst. The equilibrium 
distribution of these oligomers between the bulk fluid phase and the catalyst surface depends 
upon temperature and pressure. At supercritical conditions, more of the oligomers tend to be in 
the fluid phase while at subcritical conditions the oligomers are more strongly adsorbed on the 
catalyst. The oligomers adsorbed on the catalyst surface are termed extractable coke ( E ) and 
undergo transformation on the acid sites to consolidated coke (C), which is not extractable by 
the reaction mixture. Thus, the catalyst surface is populated by two species of coke. 

The main assumptions relating to coke formation and extraction are: 

• Oligomer formation in the bulk fluid phase is instantaneous relative to oligomer 
adsorption and reaction to form coke. The oligomer distribution (up to tetramers) is 
approximated (i.e., lumped) by the trimer, 1-octadecene (O). 

• The surface oligomers ( E ) result from 1-hexene (A), hexene isomers (B) and the 
fluid phase oligomers. The rate constants associated with the formation of the 
surface oligomers from 1-hexene and the isomer products are identical. 

• All coke formation reactions (producing E or C) are first order with respect to the 
coke precursor concentration. 

• The extraction of the surface oligomers from the catalyst is described by an effective 
desorption rate constant ( k e ). 

The overall reaction network with multiple pathways for coke (Q formation is as follows: 

a k a a k w a k c 
A —> B —> E —> C 

ak w a k c 
A -4 E -4 C 

^ o a k c 

O <-> E -> C 
k e 

The mass balances for the main reactant, the oligomer, the extractable coke and the 
consolidated coke in the catalyst pore are as follows: 

Tz^lir)- aUc °Pc )c a = 0 

Tz i D ° ~dz) ~ a (k ° ^ c ° + {K s ° P < /M - } ^ = 0 

dW e 

~^=a(k w M w /SJ (C a + Cf) + a (k„ M w /S a ) C 0 -k e W e -a (k c p c ) W e 
dW c 

ST = a(k cPc )W e 

The initial and boundary conditions are: 


(1) 

( 2 ) 

(3) 

(4) 
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C a (± L, t ) = O Co Ct C t) - C 

(5a) 

dc. t)C 

t) = -^(0, t) = (z, 0) = W c (z, 0) = 0 

(5b) 


Note that in the hexene balance (eq. 1), the yield of coke is neglected as being insignificant 
when compared to the yield of the isomers. A linear deactivation function (a) is employed for 
all surface-catalyzed reactions as follows: 


w 



( 6 ) 


The reduction in the effective pore radius (r), as coke accumulates, is related to the empty 
pore radius (r ), the coke density (p c ), and the total coke ( W t ) as follows: 


r 2 = rl-(2r 0 W,/p w ) 


(7) 


Lee et al. [5, 6] and Tsai et al. [7] employed the following modified version of the Spry- 
Sawyer correlation to describe restricted diffusion of solutes in y-ALCFs catalysts: 


( 


V 


EL 

D" 


1 ~rjr 
1 - r J r o 



( 8 ) 


where p was found to range from 4.9 to 5.1 at liquid-like conditions, and decreased to 4.4 as 
the solvent temperature approached its critical value. Since there are no reported correlations of 
diffusion as a function of density ranging from subcritical to supercritical values, an 
approximation is used in this work. Eq. (8) was employed altering the value of the exponent p 
with reaction mixture density (p r ) as follows: 

p = 0 for p r < 1.0; p = 5.1 (p r - 1) for 1.0 < p r < 2.0; and p = 5.1 for p r > 2.0 (9) 

Thus, at subcritical, gas-like conditions, there is no restricted diffusion. As the density 
increases beyond the critical point, the extent of pore-diffusion restriction increases. 

Erkey and Akgerman [8] reported an adsorption equilibrium constant for naphthalene in 
alumina pores filled with supercritical CO 2 . Analysis shows that this desorption equilibrium 
constant is simply proportional to the solubility of naphthalene in CO 2 as measured by 
Tsekhanskaya et al. [9]. Hence, the desorption rate constant was estimated from the following 
type of correlation reported for the naphthalene-ethylene system by Tsekhanskaya et al. [9]: 

In (k e ) = k ef (cj + c 2 p r ) (10) 

where the parameters c 1 and c 2 were fit to the measured solubility data and k e f was estimated 
by a fit with our experimental data. 

For fixed or chosen values of the parameters, the model equations (eqs. 1-4) along with the 
initial and boundary conditions (eqs. 5) are solved iteratively by a centered-in-space, forward- 
in-time, finite difference scheme to obtain (i) the hexene and hexene oligomer concentration 
profiles in the pore fluid phase, and (ii) the coke (extractable + consolidated) accumulation 
profile. The effectiveness factor ( 77 ) is estimated from the hexene concentration profile as 
follows: 
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(/) : 


K (L, t) ~ (L,/) 

L Pc k aC°a 


(ID 


The foregoing effectiveness factor was used to predict temporal hexene isomerization rates 
( r 0 bs) at the exit of an isothermal tubular reactor as follows: 



f r 

1 - exp 

\ V 


n K co c c° a 


F, 


)) 


( 12 ) 


The reaction rate and adsorption equilibrium constants ( k w , k„, k c and k e f) were obtained 
from a fit of the model simulation results employing a limited number of experimental data. 
The data used in the model simulations are presented in Table 1. Details of the simulation may 
be found elsewhere [10]. In the following section, the predicted isomerization rates are 
compared with experimentally observed isomerization rates reported earlier [2]. 

Table 1 

Parameter values used in the simulations 


Variable 

Definition 

Value 

Source 

F t 

flow rate of hexene feed to reactor 

4.46 (10“ 7 ) kg mol/s 

(a) 

k a 

rate constant for A ->B 

0.85 (10' 3 ) m 3 /kg cat/s 

(a) 

k a 

rate constant for 0 ^>W e 

0.11 (10‘ 3 ) m 3 /kg cat/s 

(b) 

k w 

rate constant for A, B ->W e 

9.9 (10- 7 ) m 3 /kg cat/s 

(b) 

k c 

rate constant for W e ->W C 

1.4 (10- 7 ) m 3 /kg cat/s 

(b) 

kef 

adsorption equilibrium constant (eq. 12) 

0.11 

(b) 

L 

pore length 

3.04 (1 O' 4 ) m 

(a) 

M w 

molecular weight of coke 

252.5 kg/kg mol 

(a) 

r 0 

mean radius of empty pore 

32(10 10 )m 

(a) 

Pc 

bulk density of catalyst 

1.2 (10 3 ) kg/m 3 

(a) 

Pw 

density of coke 

1.5 (10 3 ) kg/m 3 

(a) 

S a 

catalyst surface area 

174.9 (10 3 ) m 2 /kg cat 

(a) 

0) c 

catalyst loading in reactor 

1.0(10- 3 ) kg 

(a) 

W s 

coke laydown at total deactivation 

2.37 (10- 6 ) kg/m 2 

(a) 


a measured; ^fitted 


3. RESULTS AND DISCUSSION 
3.1 Reaction Mixture Density Effects 

The simulated and experimental variations of the end-of-run (i.e., 8 hr.) isomerization rates 
with density are compared in Figure 1. Details of the experiments are provided elsewhere [2, 
3], At subcritical densities, the extraction of coke precursors is insignificant. Hence, an 
increase in the concentration of the hexene and coke precursors (i.e., oligomers) leads to lower 
isomerization rates. At near-critical densities, the extraction of coke precursors becomes 
significant. Hence, the isomerization rate increases. Both the experimental and simulated rates 
show a decreasing trend when the density is increased from near-critical to supercritical values. 
This is attributed to pore-diffusion limitations as the fluid changes from gas-like to liquid-like. 
Above 2.0 p c , the isomerization rate increases with density as the ability of the reaction mixture 
to extract the coke precursors increases. 
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Figure 1. Comparison of experimental and Figure 2. Comparison of experimental and 
simulated variations of end-of-run (8 hr) simulated deactivation rates at various 
isomerization rates with density reaction mixture densities 

A complementary trend is seen in the simulated and experimental end-of-run deactivation 
rates (defined as the percent decrease in the isomerization rate between six and eight hours into 
the run). As seen in Figure 2, both the simulated and experimental deactivation rates show an 
increasing trend with density in the subcritical range, a decreasing trend as the density 
approaches its critical value, and an increase with density up to 2.0 p c , above which the 
deactivation rates are lower. 



Figure 3. Effect of solvent addition on Figure 4. Effect of oligomer production 

experimental and simulated initial and end- on experimental and simulated initial and 
of-run isomerization rates end-of-run isomerization rates 


3.2 Solvent Effects 

By adding an inert co-solvent with the hexene feed, and adjusting the operating pressure 
such that the reaction mixture density is maintained constant, the coke precursor concentrations 
can be reduced while maintaining the in situ extraction of the extractable coke compounds [3], 
However, dilution of the feed with the co-solvent also reduces the isomerization rate. Figure 3 
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compares simulated initial (i.e., 10 min.) and end-of-run (8 hr.) isomerization reaction rates 
with experimental results obtained with n-pentane as the co-solvent. In all the experiments, the 
reaction mixture density is maintained constant at 0.47(10 3 ) kg/m 3 . The simulated and 
experimental initial reaction rates show excellent agreement, decreasing linearly with co-solvent 
addition, as would be expected for a first-order reaction. 

As regards the end-of-run isomerization rates, whereas the experimental results show a 
maximum at roughly 50 mol% co-solvent, the simulated results show a continuous decrease in 
isomerization rate with co-solvent addition. This might suggest a higher extent of coke 
extraction with the n-pentane co-solvent relative to that predicted for hexene. Such solvent 
effects have been reported previously [11]. The model does not account for solvent type and is 
hence unable to predict co-solvent effect on the solubility of coke precursors. 

3.3 Oligomer Effects 

The oligomers are formed in the fluid phase, aided by organic peroxide impurities in the 
feed. Oligomer production increases linearly with reaction mixture density. Experimentally, 
coke formation was observed to increase when oligomers were added to the reactor feed, 
decrease when oligomer concentrations were reduced by dilution with an inert co-solvent, and 
increase with higher oligomer production due to an increase in feed peroxide concentration [3]. 
The initial and end-of-run isomerization reaction rates obtained from a set of model simulations 
are compared to experimental results in Figure 4 for runs at 281°C, 277 bar, yielding a reduced 
density of 2.09. The oligomer production was varied from nearly zero to 2% by increasing the 
peroxide content in the feed by aeration. The simulated and experimental isomerization rates 
show excellent agreement, increasing with a decrease in oligomer production. 


o Experiment 

-Simulation, no reduction 

w -« Simulation, 99.99% reduction 

< ^ 2 --Simulation, 90% reduction 

01 8-Simulation, 50% reduction 



REDUCED DENSITY 


T = 281° C 



- Simulation, 

no reduction | 

-Simulation, 

99.99% reduction 

-Simulation, 

90% reduction 

-Simulation, 

50% reduction 


1 2 
REDUCED DENSITY 


Figure 5. Effect of oligomer reduction on Figure 6. Effect of oligomer reduction on 
simulated end-of-run isomerization rates simulated end-of-run deactivation rates 


Figure 5 shows the effect of reducing the oligomer production to 50%, 90% and 99.99% 
of the value obtained with an untreated hexene feed (i.e., without oligomer reduction). The 
reduction may be achieved by adsorbing the organic peroxides in the feed with activated 
alumina [12], With 50% oligomer reduction, the simulated isomerization rates show a similar 
qualitative trend as the rates with no oligomer reduction. In both these simulations, a rate 
maximum is observed around the critical density. Despite the similarity in trends, the 
isomerization rates predicted with 50% oligomer reduction are roughly 30% higher than those 
with no oligomer reduction. With 90% reduction in oligomer production and beyond, the 
isomerization rate trends change. Although there is still a minimum in the subcritical region 
(0.48 p c ), there is no maximum around the critical density. In all cases, however, an increase 
in the isomerization rate is accompanied by a decrease in the deactivation rate (Figure 6). 
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4. CONCLUSIONS 

A detailed mathematical model is presented for describing the coking and isomerization 
activity of a Pt/^Al 2 C >3 catalyst in a tubular reactor. The main reaction is the acid-catalyzed 
isomerization of 1-hexene. Consistent with our earlier experimental results [2, 3], the model 
predicts that (i) near-critical reaction mixtures provide an optimum combination of transport and 
solvent properties for extracting coke precursors from the porous catalyst, thereby maximizing 
isomerization rates and minimizing catalyst deactivation rates; and (ii) the mitigation of feed 
peroxides and the addition of inert co-solvents significantly reduce oligomer formation in the 
fluid phase, thereby curtailing the coke formation (i.e., catalyst deactivation) rates. Indeed, as 
we had reported recently [12], reduction of organic peroxides in the olefinic feed in conjunction 
with supercritical operation leads to dramatic improvements in catalyst activity. Nearly steady 
catalyst activity at high conversions (roughly 70%) is observed at 281°C, 70 bars and a space 
velocity of 135 g hexene/h/g cat. We are currently investigating the feasibility of applying the 
supercritical decoking concept to enhance the activity of solid-acid catalysts for the alkylation of 
1-butene with isobutane. If successful, such a process would clearly be an environmentally 
superior alternative to conventional alkylation technology that employs hazardous liquids such 
as sulfuric and hydrofluoric acids as catalysts. 

NOTATION (partial list; others defined in the main text and in Table 1) 

C{° concentration of species i at the pore mouth or in the reactor fluid phase, kmol nr 3 

Ci concentration of species i in the fluid phase inside the catalyst pore, kmol nr 3 

Df effective diffusivity of species i in the pore at time t, m 2 s _1 

D,° effective diffusivity of species i in the empty pore, m 2 s’ 1 

k e effective desorption rate constant, s' 1 

r m molecular radius of diffusing solute, m 

W c consolidated coke laydown on catalyst, kg/m 2 

W e extractable coke laydown on catalyst, kg/m 2 
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Influence of Chain Architecture on High-Pressure Copolymer 
Solution Behavior: Experiments and Modeling 

Sang-Ho Lee and Mark A. M c Hugh 


Department of Chemical Engineering, Johns Hopkins University, Baltimore, 
Maryland 21218, USA 


Phase behavior studies with poly(ethylene-co-methyl acrylate), poly 
(ethylene-co-butyl acrylate), poly(ethylene-co-acrylic acid), and poly(ethylene-co- 
methacrylic acid) were performed in the normal alkanes, their olefinic analogs, 
dimethyl ether, chlorodifluoromethane, and carbon dioxide up to 250 °C and 
2,700 bar. The backbone architecture of the copolymers as well as the solvent 
quality greatly influences the solution behavior in supercritical fluids. The effect 
of cosolvent was also studied using dimethyl ether and ethanol as cosolvent in 
butane at varying concentrations of cosolvent, exhibiting that the cosolvent 
effect diminishes with increasing cosolvent concentrations. 


1. INTRODUCTION 

In the 1960’s several extensive investigations were performed on the high- 
pressure solution behavior of the polyethylene (PE) [1,2]. The high-pressure 
process is also currently being used to produce polar/nonpolar, ethylene-based 
copolymers since many catalytic processes fail as the polar comonomer is a 
poison for the catalyst. Once again, high-pressure phase behavior becomes an 
important consideration when processing ethylene-based copolymers using 
techniques formerly developed to produce PE. 

Over the past five years we have been investigating the role of backbone 
architecture on the phase behavior of ethylene-based copolymers in a variety of 
supercritical fluids [3]. We have studied the phase behavior of poly(ethylene-co- 
methyl acrylate), poly(ethylene-co-butyl acrylate), poly(ethylene-co-acrylic acid), 
and poly(ethylene-co-methacrylic acid) in many solvents. These copolymers can 
be distinguished from one another based on their ability to form hydrogen bonds. 
We have performed systematic phase behavior studies with these random 
copolymers since the properties of a given copolymer varies with the percent of 
each constituent in the backbone of the copolymer. Likewise, the properties of 
the solvents needed to solubilize a given type of copolymer change as a function 
of copolymer architecture. The solvents that have been investigated include the 
alkanes, their olefinic analogs, dimethyl ether, chlorodifluoromethane, and carbon 
dioxide. This wide range of solvents allows us to systematically vary solvent 
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properties with a given copolymer to determine the type of intermolecular 
interaction that fixes the location of the cloud-point curve. 

In the talk, we present phase behavior data for copolymer-solvent- 
cosolvent mixtures at temperatures to 300 °C and pressures to 3,000 bar. We 
also present data on the impact of cosolvents on the phase behavior. 


2. EXPERIMENTAL 

Cloud points are obtained using a high-pressure, variable-volume cell that 
has a sapphire window to allow visual observation of the phases. The polymer- 
solvent mixture is compressed by moving a piston located in the cell. The 
pressure of the mixture is measured to within ± 3.5 bar; the temperature is 
measured to within ± 0.4 °C. The mixture inside the cell is viewed on a video 
monitor using a camera coupled to a borescope placed against the sapphire 
window. The solution in the cell is mixed with a stir bar activated by an external 
magnet. Cloud points are repeated at least twice at each temperature and are 
reproducible to ± 5 bar. The lowest temperature of the cloud-point curves is 
either the highest operating pressure of the apparatus or the crystallization 
boundary. 


3. RESULTS AND DISCUSSION 

A more detailed presentation of experimental data is presented in the talk. 
Here highlights are given for a few, well-chosen phase diagrams that summarize 
the effects of solvent quality, polar comonomer, and of cosolvents. 

3,1 Poly(ethylene-co-methyI acrylate) (EMA) 

Figure 1 shows the phase behavior of EMA X (the subscript x denotes the 
molar acrylate content) copolymers in propylene which is slightly more polar 
than propane [4,5]. The EMA^q curve is at slightly lower pressures than the PE 
curve since the first few acrylate units interact favorably with the quadrupole of 
propylene. However, the cloud-point curves shift to higher pressures and 
temperatures and as the amount of MA units increases to 31 and 41 mol% in the 
copolymer. EMA 41 does not dissolve in propane to temperatures of 200 °C and 
pressures of 2,000 bar, whereas it is readily soluble in propylene. 

Figure 2 demonstrates the impact of solvent quality and hydrogen bonding 
on the solubility of EMA 31 . Increasing the size of the alkane increases its 
polarizability and its critical temperature. Hence, the solvent quality increases 
going from ethane to butane and the cloud-point curves shift to lower 
temperatures and pressures. 

If the size of the solvent molecule is kept constant, but some polarity is 
added to it, the cloud-point curve shifts to much lower temperatures as shown 
with ethane and ethylene. Notice that the pressure of the ethylene cloud-point 
curve is not radically lower than that of the ethane curve since the densities of 
both solvents are very close to one another at these elevated pressures. 
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Figure 1. Cloud-point curves for EMA copolymers in propylene [3]. The MA 
content in the copolymer is given in the legend in the figure. 



Figure 2. Cloud-point curves for EMA gi in a variety of solvents [3]. 

If the solvent size is again kept essentially constant, but now the solvent 
can hydrogen bond to the copolymer, very low cloud-point pressures are observed 
as long as the temperature remains high as shown with ethane compared to 
methanol. At temperatures below 125 °C, methanol prefers to self-associate 





14 


rather than complex with the acrylate groups in the copolymer. Hence, the 
cloud-point curve increases sharply with pressure indicating that increasing 
pressure does absolutely nothing to improve solubility. In this case the forces of 
attraction between the copolymer and solvent are more heavily weighted toward 
solvent-solvent interactions rather than solvent-copolymer interactions. 

Keeping the solvent size essentially constant, but giving it a significant 
dipole moment has a large effect on the location of the cloud-point curve as 
shown by comparing the ethane curve with the DME curve. The dipole moment 
of DME interacts quite effectively with the dipole moment of the acrylate groups. 
Also, DME does not self-associate as does methanol so that DME remains a 
high-quality solvent to very low temperatures. Of course, DME is also a better 
solvent than ethane since it is more dense than ethane. But, as shown with the 
methanol case, increasing density does not insure solubility. 


3.2 Poly(ethylene-co-acrylic acid) (EAA) 

Figure 3 demonstrates the impact of solvent quality and hydrogen bonding 
on the solubility of EAA 3 9 (the subscript 3.9 denotes the molar acrylate 
content). Many characteristics of the cloud-point curves of this acid copolymer 
are similar to those of the aciylate copolymers. For example, in butane, both the 
acid and acrylate cloud-point pressures are low at high temperatures, where 
polar and hydrogen bonding interactions are weak. The pressure increases for 
both copolymer-butane curves as the temperature is decreased as polymer- 
polymer interactions become more favored. Note that there are only 4 mol% 
acid groups compared with 31 mol% acrylate groups in the two copolymers. The 
energy of interaction of two acid groups far outweighs that between two acrylate 
groups since the acid groups dimerize [7-9]. 



TEMPERATURE (°C) 

Figure 3. Cloud-point curves for EAA 3 9 in butane, butene, and dimethyl ether 
(DME) [3], 
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If the size of the solvent molecule is kept constant, but polarity is added to 
it, the cloud-point curve shifts to lower temperatures as shown with butane and 
butene. In this case butene interacts with the acid groups both through polar 
interactions and 7 t-acid complexing. Since the interactions are related to the 
number of groups and the interaction energy, it is likely that the rc-acid complex 
plays a bigger role in shifting the cloud-point curve to lower pressures than does 
polar interactions because there are so few acid groups. This is not the case with 
the acrylate copolymers where the concentration of polar groups in the 
backbone of the copolymer is much higher and butene and methyl acrylate do 
not form a complex. 

Low cloud-point pressures are observed if the solvent is capable of 
hydrogen bonding to the acid groups in the copolymer. The energy of hydrogen 
bonding is so strong between an acid and DME that the cloud-point curve is 
virtually flat at -450 bar over a 125 °C range. The cloud-point curve of EAA 3 9 - 
DME is shifted by over 2,000 bar relative to those of the C 4 hydrocarbons at 
moderate temperatures. This indeed is a dramatic example of how the phase 
behavior shifts as the balance of intermolecular forces changes. 

3.3 Poly(ethylene-co-methacrylic acid) (EMAA)-Butane-Cosolvent 

Figure 4 shows the impact of ethanol as a cosolvent. Ethanol hydrogen 
bonds to the methacrylic acid repeat units as well as hydrogen bonding to itself 
[3,6]. At an ethanol concentration of 15 wt% there are 62 times as many 
ethanol molecules as compared to methacrylic acid repeat units which suggests 
that there are more than enough ethanol molecules to saturate the methacrylic 
acid sites. At 42.4 wt% ethanol, there are now 176 times as many ethanol 
molecules as compared to methacrylic acid repeat emits. The cloud-point curve 
at this concentration exhibits a sudden increase in pressure at 115 °C which 
suggests that the interchange energy is now dominated by the self association of 
ethanol that does not favor the formation of a single phase. At 53.5 wt% ethanol 
the cloud-point curve again exhibits a sudden increase in pressure, but now this 
pressure increase occurs at 160 °C. These two cloud-point curves show that 
temperature has a large impact on the cloud-point behavior since the 
temperature will modulate the number of ethanol-acid, acid-acid, and ethanol- 
ethanol complexes that are formed in solution. The sharp increase in the cloud- 
point curves results from ethanol-ethanol interactions dominating the 
interchange energy which promotes the formation of a second phase. 


4. CONCLUSIONS 

As the amount of polar units in the backbone architecture is increased, 
copolymer-copolymer polar interactions increase and high temperatures are 
required to dissolve the copolymer in nonpolar solvents. If the copolymer has a 
comonomer capable of hydrogen bonding, the solubility in alkane and alkene 
solvents is dramatically reduced at lower temperatures, where copolymer- 
copolymer hydrogen bonding is much stronger than other intermolecular 
interactions. The solubility of copolymers greatly increases in the solvents that 
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hydrogen bond with the copolymer. In addition, the solubility of a copolymer 
depends on the temperature which attenuates the specific interactions. 



TEMPERATURE (°C) 

Figure 4. Effect of high concentrations of ethanol on the phase behavior of ~ 5 
wt% EMAA 3 i in butane [ 6 ]. 
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ABSTRACT 

Selective and complete hardening reactions of fats and oils, free fatty acids 
and fatty acid esters with hydrogen were carried out continuously in supercritical 
CO 2 (sc CO 2 ) with DELOXAN® supported precious metal fixed bed catalysts. 
Depending on feed and the desired degree of hardening, temperatures between 
60 and 160°C, total pressures between 8.0 and 16.0 MPa and space velocities 
(LHSV) between 5 and 60 h 1 were investigated. We observed up to 6 times higher 
space time yields in free fatty acid hardening using a DELOXAN® supported 1 wt. 
% palladium fixed bed catalyst in comparison to trickle bed hardening with an 
activated carbon supported 2 wt. % palladium fixed bed catalyst. The formation 
of undesirable products in edible oil hardening (e. g. trans fatty acids) is 
significantly decreased with a DELOXAN® supported 1 wt. % platinum fixed bed 
catalyst in sc CO 2 . 


1. INTRODUCTION 

Supercritical fluids (scf) are highly compressed liquids or gases. The latter 
already have an established role in "clean” extraction (substitution of 
chlorinated/organic solvents) on an industrial scale (e. g. decaffeination of coffee 
and tea, extraction of hops, spices , etc.). The specific physical and chemical 
properties of scf make them particularly suitable for a variety of other 
applications, e. g. reactions, powder technology and impregnation. 

The (i) continuously tunable density of scf, (ii) their high solubilities for solids, 
liquids and especially for gases (e. g. hydrogen, oxygen), (iii) good heat and mass 
transfer properties combined with (iv) the chemical inertness of CO 2 and (v) the 
ease of separation of product and solvent creates new possibilities to perform 
chemical reactions in such media. The low viscosity, good thermal and mass 
transport properties of scf make them ideal to be used in flow systems (e. g. 
homogeneous and heterogeneous catalytic reactions) [1, 2, 3]. 

The hydrogenation of fats and oils is a very old technology. It was invented in 
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1901 by Normann. In order to increase the melting point and the oxidation 
stability of fats and oils, these are selectively hydrogenated. Since the melting 
point increases during the hydrogenation, the reaction is also expressed as 
hardening. 

Selective hydrogenation of edible oils means for instance, that the carbon-carbon 
double bonds in position 12 and 15 in cis-9, cis-12, cis-15 octadecatrienoic acid are 
saturated with hydrogen, whereas the position 9 remains unsaturated. 

The melting behavior of the hydrogenated product is determined by the reaction 
conditions (temperature, hydrogen pressure, agitation, hydrogen up-take). For 
applications in food industry edible oils are hydrogenated selectively, whereas 
free fatty acids are completely hydrogenated for oleochemical applications (e. g. 
detergents). 

The reaction mechanism in the selective hydrogenation of edible oils is quite 
complex. There are several parallel, consecutive and side reactions. Oleic acid (cis 
18:1) is the desired product when the reation starts with linolenic (all-cis 18:3) or 
linoleic acid (cis, cis 18:2). In a cis/trans isomerization reaction elaidic acid (trans 
18:1) is formed. From the dietetic point of view elaidic acid is an undesired 
product. On the other hand, its presence increases in a desirable way the melting 
point of the product. Stearic acid (18:0) is formed in a consecutive reaction. 

The current process has some disadvantages: discontinuous operation, strong 
hydrogen mass transfer control and low space-time-yields. The nickel on kiesel- 
guhr catalyst causes also some problems: undesirable by-products, formation of 
nickel soaps in free fatty acid hydrogenation and disposal of nickel residues. 

To overcome the existing problems with the state-of-the-art technology in edible 
oil and free fatty acid hardening, we decided to have a look on hydrogenation 
reactions in sc CO 2 using precious metal fixed bed catalysts on acid resistant 
supports. 


2. EXPERIMENTAL 

Catalytic tests in sc CO 2 were run continuously in an oil heated flow 
reactor (200°C, 20 MPa) with supported precious metal fixed bed catalysts on 
activated carbon and polysiloxane (DELOXAN®). We also investigated 
immobilized metal complex fixed bed catalysts supported on DELOXAN®. 
DELOXAN® is used because of its unique chemical and physical properties (e. g. 
high pore volume and specific surface area in combination with a meso- and 
macro-pore-size distribution, which is especially attractive for catalytic 
reactions). The effects of reaction conditions (temperature, pressure, H 2 flow, CO 2 
flow, LHSV) and catalyst design on reaction rates and selectivites were 
determined. Comparative studies were performed either continuously with 
precious metal fixed bed catalysts in a trickle bed reactor, or discontinuously in 
stirred tank reactors with powdered nickel on kieselguhr or precious metal on 
activated carbon catalysts. Reaction products were analyzed off-line with 
capillary gas chromatography. 
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3. RESULTS AND DISCUSSION 

For the complete hardening of free fatty acids in sc CO 2 the optimized reaction 
conditions were 140°C and 14.0 MPa (H 2 + CO 2 ). With a DELOXAN® supported 
1 wt. % palladium fixed bed catalyst we observed a decrease in the iodine value 
(IV) for oleic acid from 88.1 g I 2 /IOO g product to 0.3 g I 2 /IOO g product at a space 
velocity (LHSV) of 6.2 h 1 . In the trickle bed hardening (170°C, 2.0 MPa H 2 ) with 
the same catalyst we observed a decrease in the IV to 42.1 g I 2 /IOO g product at a 
LHSV of 5.0 h 1 . The hydrogen partial pressures in the trickle bed and scf 
hardening were comparable. 

In the hardening of free tallow fatty acids in sc CO 2 we measured iodine values 
(IV) below 1 g I 2 /IOO g product at a space velocity of 15 h 1 . In comparison to 
trickle bed hardening reactions with activated carbon and titania supported 2 wt. 
% palladium fixed bed catalysts, between 6 to 15 times higher space time yields 
were determined when the hardening was carried out in sc CO 2 . The hydrogen 
partial pressures in both processes were comparable (2.0 MPa H 2 ). 

Since the hardening is carried out at a lower temperature compared to the 
conventional processes, the acid value of the fatty acids (as a measure for the 
selectivity of the reaction) remains at a very high level. In catalyst life time tests 
we observed a 3 times higher catalyst productivity when using a DELOXAN® 
supported 1 wt. % palladium fixed bed catalyst compared to the same catalyst in 
a trickle bed hardening process. 

Edible oils and fatty acid esters were selectively hardened in sc CO 2 at 
temperatures between 60°C and 90°C and at a total pressure of 10.0 MPa. In 
order to get different degrees of hardening, we investigated activated carbon and 
different DELOXAN® supported precious metal fixed bed catalysts at space 
velocities (LHSV) between 5 and 60 h 1 . 

In Table 1, results for the selective hydrogenation of edible oils in sc CO 2 are 
shown in comparison to hydrogenation reactions in a discontinuous stirred tank 
reactor and in a continuous trickle bed reactor. Space-time-yields in dis¬ 
continuous hydrogenation reactions with powdered nickel on kieselguhr and 
activated carbon supported precious metal catalysts are smaller than 1 m 3 oil/(h 
x m 3 reactor vol.). A large amount of undesired trans fatty acids is formed in the 
triglyceride molecule as a consequence of strong hydrogen mass transfer control. 
The continuous hydrogenation with a DELOXAN® AP II supported 1 wt. % 
palladium fixed bed catalyst in the trickle phase results in a higher space-time- 
yield. However, the linoleate selectivity as a measure of the non-formation of 
unsaturated fatty acids is very low. Since especially large amounts of saturated 
fatty acids are formed, the overall trans fatty acid content remains at a lower 
level. The increase of the hydrogen partial pressure results in a further increase 
in space-time-yield. This result indicates, that the reaction is strongly hydrogen 
mass transfer controlled. 

In sc CO 2 the hydrogenation activity is increased even further. Supercritical CO 2 
lowers the viscosity of the reaction medium and increases mass transfer and 



Table 1 Selective hardening of edible oils in discontinuous stirred tank reactors (STR), continuous 
trickle bed reactors and in continuous flow reactors operating with supercritical CO 2 


Catalyst 

Process 


Ha- 

pressure 

[bar] 

Space-time-yield 
[m 3 oil/h x m 3 
reactor vol.] 

Hydrogenation 
activity 
[mol Ha/h x g 
active metal] 

Linoleate- 

selectivity 

[-] 

max. trans-fatty 
acid content 
[GC area-%] 

25 % Ni- 

kieselgur 

(powder) 

discont. STR/ 
mass transfer 
controlled 

120 

3 

< 1 

4,1 

10,8 

40 

5 % Pd/C 
(powder) 

If 

120 

3 

< 1 

65,4 

72,5 

60 

5 % Pt/C 
(powder 

ft 

120 

3 

<1 

43,1 

6,2 

37 

1 % Pd/Deloxan 
AP II 

continuous 
trickle bed 

60 

5 

5 

6,3 

m 

20,9 

1 % Pd/Deloxan® 
AP II 

continuous 
trickle bed 

60 

20 

30 

28,5 

m 

20,6 

0.5 % Pd/C 

new continuous 
fixed bed 
process 

60 

100 

(Ha + CO 2 ) 

30 

9,8 

2.9 

16 

1 % Pd/Deloxan® 
AP II 

" 

60 

100 

(Ha + COa) 

60 

52,3 

3 

19 

1 % Pd/Deloxan® 
HKI 

M 

60 

100 

(Ha + COa) 

30 

13,3 

13,1 

15,5 

2 % Pt/Deloxan® 
AP II 

If 

60 

100 

(Ha + COa) 

30 

3,1 

7,8 

7,5 
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diffusivity. This results in a higher hydrogenation acitvity. In addition the 
linoleate selectivity is increased. 

With an activated carbon supported 0.5 wt. % palladium fixed bed catalyst in sc 
CO 2 we determined a more than 5 times lower hydrogenation activity compared 
to the DELOXAN® AP II supported 1 wt. % palladium fixed bed catalyst. 

Even though sc CO 2 was used in order to increase mass transfer and diffusivity, 
the activated carbon supported 0.5 wt. % palladium fixed bed catalyst shows a 
lower hydrogenation activity compared to the 1 wt. % palladium on DELOXAN® 
AP II catalyst tested in the conventional trickle bed hardening process. This 
result indicates the outstanding advantage of DELOXAN® supported precious 
metal fixed bed catalysts, which can be ascribed to their unique chemical and 
physical properties. 

With a DELOXAN® supported palladium complex catalyst, DELOXAN® HK I, 
the linoleate selectivity is further increased. In comparison to the commercial 
batch hydrogenation with a nickel on kieselguhr catalyst, the DELOXAN® 
supported palladium complex catalyst in combination with sc CO 2 as a solvent 
gives higher space-time-yields, a higher linoleate selectivity and a significantly 
decreased cis/trans isomerization rate. 

DELOXAN® AP II supported platinum catalysts in sc CO 2 are less active than 
DELOXAN® AP II supported palladium catalysts, but they show an improved 
linoleate selectivity and a significantly lower cis-trans isomerization rate. The 
overall yield of undesirable trans fatty acids is 7.5 GC area-% in the edible oil 
hardening with a DELOXAN® AP II supported 2 wt. % platinum catalyst. In a 
batch hydrogenation using the commercial powdered nickel on kieselguhr 
catalysts the undesirable trans fatty acid content was determinded to 40 percent. 


4. CONCLUSIONS 

The combination of DELOXAN® supported precious metal fixed bed 
catalysts together with supercritical CO 2 creates new possibilities for continuous 
fixed bed hydrogenations with significantly improved space time yields and 
catalyst life times. Short residence times and a well-balanced diffusion and 
desorption of products and reactants results in a decrease of undesirable by¬ 
products and thus higher selectivities. 
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1. INTRODUCTION 

Over the past decade, carbon dioxide has become an attractive alternate solvent for a 
variety of polymer synthesis and processing applications due to its environmentally benign 
nature and chemical inertness l' 2 . Properties of C02, such as dielectric constant and density 
are sensitive to the temperature and pressure of the system. The fluid density and dielectric 
constant, can be fine tuned using temperature and pressure profiling. In addition, CO 2 offers 
an environmentally sound medium with the potential to eliminate organic and aqueous waste 
streams in manufacturing facilities. 

Although CO 2 dissolves many small molecules readily, it is a very poor solvent for 
most high molecular weight polymers. Currently, only amorphous or low melting 
fluoropolymers and silicone polymers are known to be very soluble in CO 2 (T < 100 °C, P < 
400 bar), or C02-philic, while many industrially important polymers are relatively insoluble. 
In 1992, we reported the successful homogenous free radical polymerization of a CC> 2 -philic 
fluorinated acrylate, 1,1-dihydroperfluorooctyl acrylate (FOA) 2 . Homogenous polymer 
synthesis in CO 2 is fundamentally limited however, by the extremely low solubility of most 
polymers at readily accessible conditions. 

In order for CO 2 to be an effective continuos phase for polymerizations, heterogeneous 
reaction systems must necessarily be developed analogous to classical emulsion, inverse 
emulsion, dispersion, suspension and precipitation polymerization processes. With some 
highly reactive monomers such as acrylic acid^ and tetrafluoroethylene^, free-radical 
precipitation polymerization can afford polymers with high yields and molecular weight. 
However, many industrial monomers require the utilization of surfactant stabilized reaction 
conditions 2 . We have reported the utilization of nonionic — homopolymer, block copolymer 
and reactive macromonomer — surfactants consisting of covalently bound C02-philic and 
C02-phobic segments in the dispersion polymerization of various C02-insoluble polymers 2 ’ 
1. These reactions produce a stabilized polymer colloid in CCD solution and dry, free 
flowing powders after isolation. 

In a study by Consani and Smith, over 140 commercial and commonly available 
surfactants have been screened for application in CO 2 resulting in only a handful with, at best, 
minute C02-solublility 1 2 . Recent research in various laboratories, including our own, has 
developed more soluble surfactants active in CO 2 based on the incorporation of C02philic 
fluorinated and silicone materials 2 ’ 2 ’ 13-15 Herein we describe the effects of various 
surfactant and stabilizer systems as they apply to polymerizations in CCD. 

1.1 Mechanism of colloid stabilization: The role of surfactant 

The dispersion polymerization of lipophilic monomers in CO 2 is initiated 
homogeneously with chain collapse into a discrete polymer particle at a critical molecular 
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weight as shown in Figure 1. The surfactant then stabilizes the polymer particle as a colloid 
and prevents flocculation through steric stabilization. 


Figure 1. 

Mechanism of dispersion polymerization 



Homogeneous solution Growing polymer particle 


Sterically stabilized colloid 


The effectiveness of a given surfactant in the above scheme is governed by two factors; 
first there must be sufficiently strong anchoring to the polymer particle, second the soluble 
segment must be chain extended into the continuos phase facilitating a negative steric 
interaction between particles (e.g. of sufficient solvation and chain length). These factors are 
controlled in CO 2 polymerizations by synthetic variation of both the composition and 
architecture of the surfactants in response to different polymer particles and conditions and by 
control of the density of C02- 


2, DESIGN AND APPLICATION OF SURFACTANTS FOR 
POLYMERIZATIONS IN CO2 

2.1 Methyl methacrylate polymerization 

For the stabilization of various insoluble hydrocarbon polymers in carbon dioxide, it 
has been found that no one surfactant works well for all systems. Therefore it has become 
necessary to tailor the surfactants to the specific polymerization reaction. Through variation of 
not only the composition of the surfactants, but also their architectures, surfactants have been 
molecularly-engineered to be surface active—partitioning at the interface between the growing 
polymer particle and the CO 2 continuous phase. The surfactants utilized to date include 
poly(FOA) homopolymer, poly(dimethylsiloxane) homopolymer with a polymerizable 
endgroup, poly(styrene-b-FOA), and poly(styrene-b-dimethylsiloxane). Through the 
utilization of these surfactants, the successful dispersion polymerization of methyl methacrylate 
(MMA), styrene, and 2,6-dimethylphenol in CO 2 has been demonstrated. 

The polymerization of MMA was the first example of a successful dispersion 
polymerization conducted in CO 2 . The polymerization of MMA in CO 2 was stabilized by the 
use of poly(FOA) homopolymer and the product was isolated in high yields as a free flowing 
powder^. Scanning electron microscopy (SEM) of the product revealed the product 
morphology to consist of spherical particles. In contrast, the same reaction conducted in the 
absence of poly(FOA) stabilizer gives a nondescript morphology in low yields. In the 
polymerization of MMA, two different molecular weight samples of poly(FOA) were used—a 
low molecular sample with Mn = 1.0 x 10^ g/mol and a high molecular sample with Mn = 1.4 x 
10^ g/mol. In both cases the successful dispersion polymerization of MMA was obtained. 
The low molecular weight poly(FOA) stabilizer consistently gave smaller sized PMMA 
particles than the high molecular weight poly(FOA) (Table 1). 
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Scheme 1. 

General free radical dispersion polymerization in CO 2 




0.5 - 3 pm high molecular 
weight polymer particles 


Figure 2. 

Surfactants for polymerizations in CO 2 
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(a) Poly(FOA) homopolymer — * the fluorinated alkyl side chain contains ca. 25% CF 3 
branches per chain (b) Polystyrene-b-PDMS diblock copolymer (c) PDMS macromonomer 
(d) Polystyrene-b-Poly(FOA) diblock copolymer 


Table 1. 

Results of MMA polymerizations with AIBN as the initiator in CO 2 at 204 bar and 65 °C; 
stabilizer is either LMW or HMW poly(FOA)._ 


Stabilizer 
(w/v %) 

Yield 

(%) 

<M n > 

(kg/mol) 

PDF 

Particle size 
(pm) 

0 % 

39 

149 

2.8 

— 

4% LMW 

92 


2.6 

1.3 (±0.4) 

4% HMW 

95 

321 

2.2 

2.5 (±0.2) 


a Polydispersity index of the molecular weight distribution, M w /M n . 


In addition to studying the effect of the stabilizer molecular weight on the MMA 
dispersion polymerization, the effect of the stabilizer concentration was also analyzed^. The 
concentration of poly(FOA) stabilizer was systematically varied while the amount of MMA was 
held constant at 21 w/v % in CO 2 (Table 2). It was found that as little as 0.24 wt. % (based on 
monomer) is needed to stabilize the polymerization and give spherical particles. Additionally, 
excess surfactant could be washed from the finished particle surface with CO 2 , resulting in 
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residual surfactant levels of less than 0.5 wt. %. The very low amount of polymeric stabilizer 
needed for a successful dispersion polymerization attests to the high amphiphilicity and strong 
anchoring effect of poly(FOA) in the PMMA-CO 2 system. 


Table 2. 

Effect of the concentration of poly(FOA) (21 w/v % MMA, 4 h) 


poly(FOA) 

(wt %) 

Yield 

(%) 

M n 

(kg/mol) 

PDF' 

Particle size 

(pm) 

Particle size 
distribution 

0 

47 

85 

3.72 

— 

— 

0.24 

86 

255 

2.40 

2.86 

1.17 

1.2 

89 

252 

2.56 

2.08 

1.01 

4.5 

92 

316 

2.09 

2.44 

1.02 

16 

90 

293 

2.33 

1.55, 0.93^ 

1.08 


a Polydispersity index of the molecular weight, M w /M n . b PMMA particles exhibit bimodal 
particle size distribution. Both primary and secondary particle diameters are reported. 


Furthermore, it has been found that a commercially available poly(dimethylsiloxane) 
macromonomer terminated with a polymerizable endgroup can also be used for the successful 
dispersion polymerization of MMA in CO 2 (Figure 2)^. The macromonomer had a number 

average molecular weight of 1.13 x 10 4 and a polydispersity index (PDI) of 1.1. Although 
using a very small amount of PDMS macromonomer in the reaction gave a considerable 
increase in yield and molecular weight over the reaction done without stabilizer, powdery 
products comprised of relatively monodisperse particles were only obtained when greater than 
3.5 wt. % of PDMS macromonomcr was used. In addition, a bimodal particle size distribution 
was obtained for reactions conducted with less than 3.5 wt. % PDMS macromonomer (Table 
3). Again, excess surfactant could be washed from the particle surface with CO 2 and the 
residual surface coating was less than 0.3 wt, %. In comparison, unfunctionalized PDMS 
homopolymer (lacking the polymerizable endgroup) was explored as a stabilizer and found to 
be ineffective. Using 6.8 wt. % PDMS homopolymer with a Mn of 1.33 x 104 and a PDI of 
1.1, gave results similar to those obtained when only 0.05 wt. % PDMS macromonomer was 
used. 


Table 3. 


Dispersion polymerization of MMA in C02 a 


Stabilizer 

Wt. % 

Yield 

(%) 

<M n > 

(kg/mol) 

PDI^ 

Particle size 
(pm) 

none 

0 

24 

65 

3.7 

— 

PDMS 

6.8 

51 

210 

2.5 

— 

PDMS macromonomer 

0.05 

56 

271 

2.4 

— 

PDMS macromonomer 

0.26 

67 

280 

2.1 

2.8 

PDMS macromonomer 

1.7 

70 

200 

2.6 

2.8 

PDMS macromonomer 

3.5 

80 

383 

2.1 

2.8 


a Reactions were conducted at 65 °C and 340 bar for 4 h with 2.1 g of MMA and 0.0070 g 
AIBN. b Polydispersity index of the molecular weight distribution, M w /M n . 
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2.2 Styrene polymerization 

Although it has been shown that poly(FOA) is an effective stabilizer for the 
polymerization of MMA in CC>2, it was not an effective stabilizer for the polymerization of 
styrene in CO 2 . This is believed to be due to ineffective anchoring of the stabilizer on the 
growing polymer particle. To increase the anchoring ability of the surfactants, amphiphilic 
block copolymers were designed which contained a polystyrene segment to serve as the 
anchoring moiety and a poly(FOA) or PDMS segment to serve as the steric stabilizing moiety 
(Figure *. The solution behavior of these amphiphilic block copolymers was examined 

in CO 2 (Table 4). It was found that while many of the polystyrene-b-poly(FOA) block 
copolymers were soluble in CO 2 , giving a clear solution, the polystyrene-b-PDMS block 
copolymers were insoluble, giving cloudy dispersions in solution. This is due to the much 
higher solubility of poly(FOA) in CO 2 than PDMS and hence the ability of poly(FOA) to 
solubilize larger polystyrene segments. But at the start of a typical dispersion polymerization, 
with 20 % styrene monomer present, the initial solution is clear and homogeneous since the 
monomer can act as a cosolvent to help solvate the stabilizer. 


Table 4. 

Polystyrene block copolymers and solubility in CO 2 as a function of composition 




Solubility (4% wt/vol) 

Diblock copolymer 

mol % 

40 °C 

65 °C 

<M n > (kg/mol) 

Styrene 

340 bar 

340 bar 

PS-'-7k -b- PFOA 14k 

54.0 

insoluble 

insoluble 

PS 3 - 7k _b_ PFOA l7k 

49.4 

cloudy 

cloudy 

PS3.7k ppOA 28k 

37.0 

translucent 

cloudy 

PS3.7k _ b _ pFOA 40k 

28.9 

clear 

clear 

PS 3 -7k _ b _ PFOA 6lk 

20.9 

clear 

clear 

PS 4 - 5k -b- PFOA 2 5k 

44.5 

translucent 

cloudy 

PS6.6k _ b _ PFOA 3 5k 

45.1 

cloudy 

cloudy 

PS 4 - 3k -b- PDMS 25k 

10.9 

insoluble 

insoluble 

PS 4 -3k -b- PDMS 65k 

4.5 

insoluble 

insoluble 

PS9.6k „ b _ PDMS 24k 

22.2 

insoluble 

insoluble 

PS 9 - 6k -b- PDMS 64k 

9.7 

insoluble 

insoluble 


In this system using a polystyrene containing block copolymer, the polystyrene 
segment should readily partition into the lipophilic polystyrene particle core while the 
poly(FOA) or PDMS block is solubilized in the CO 2 continuous phase to provide steric 
stabilization and prevent coagulation. In comparison of the polystyrene-b-poly(FOA) diblock 
copolymers to the polystyrene-b-PDMS diblock copolymers, it was found that the use of a 
polystyrene-b-PDMS stabilizer gives much more monodisperse particles. This most likely 
arises from the synthetic technique employed in the surfactant synthesis. The blocks in the 
polystyrene-b-PDMS block copolymers have a much narrower polydispersity than the blocks 
in the polystyrene-b-poly(FOA) block copolymers. It was noted that the particles obtained in 
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this system are much smaller (< 1 pm) than the particles obtained in the PMMA-CO 2 system 
employing poly(FOA) homopolymer as stabilizer (> 1 pm) (Table 5). 


Table 5. 

Results of styrene polymerizations in CO 2 


Stabilizer 

Stabilizer 

concn. 

(w/v %) 

yield 

(%) 

M n 

(kg/mol) 

PDF 

Particle size 
(pm) 

‘'none 

0 

22.1 

3.8 

2.3 

— 

a poly(FOA) 

4 

43.5 

12.8 

2.8 

— 

aps 3.7k „ b _ PFOA>7k 

4 

72.1 

19.2 

3.6 

0.40 

a PS 4 -5k -b- PFOA 2 5k 

4 

97.7 

22.5 

3.1 

0.24 

a PS 6 -6k _ b _ PFOA 35k 

4 

93.6 

23.4 

3.0 

0.24 

*PS 4 -3k - b - PDMS 25k 

2 

90.6 

65 

3.6 

0.22 

i>PS9.6k _b- PDMS 24k 

2 

91.7 

56 

4.3 

0.46 

*PS 4 - 3k -b- PDMS 65k 

2 

52.2 

21 

9.2 

coagulated 

*PS 9 - 6k -b- PDMS 64k 

2 

90.9 

39 

8.1 

coagulated 


a Polymerization in CO 2 at 204 bar and 65 °C with 2.0 g styrene and 2.4 x 10‘ 2 M AIBN. 
b Polymerization in CO 2 at 204 bar and 65 °C with 2.0 g styrene and 1.2 x 10' 2 M AIBN 
c Polydispersity index of the molecular weight distribution, M w /M n . 


It was also found that the polystyrene-b-PDMS block copolymers were not only 
effective at stabilizing styrene polymerizations in CO 2 , but also in stabilizing MMA 
polymerizations. When using a polystyrene-b-PDMS block copolymer as the stabilizer the 
resulting PMMA was recovered in 94.1% yield with a M n = 1.8 x 10 3 g/mol and a PDI = 2.8. 
The particles obtained are much smaller and more polydisperse than the particles obtained when 
using poly(FOA) homopolymer as the stabilizer (particle size = 1.55 - 2.86 pm vs. 0.23 pm 
and particle size distribution = 1.05 vs. 1.46). 

2.3 Polymerization of 2,6-dimethylphenol 

In addition to being a good stabilizer for the polymerization of styrene in CO 2 , 
polystyrene-b-poly(FOA) block copolymers were also found to be successful stabilizers of 
poly(2,6-dimethylphenylene oxide), (PPO), in C02 12 . Polystyrene and PPO are miscible 
with each other and so the polystyrene block is anchored to the polymer particle by blending 
with the PPO while the poly(FOA) block is solvated and provides steric stabilization. It can be 
seen in comparison to other stabilizers, that the use of polystyrene-b-poly(FOA) leads to a 
higher yield and a higher molecular weight. Although polystyrene-co-poly(FOA) random 
copolymer gave higher yields, the product obtained is of a very low molecular weight. 
Conversely, the molecular weight increased while the yield decreased upon the use of 
poly(FOA) homopolymer as the stabilizer. The polystyrene-b-poly(FOA) diblock copolymer 
was the most effective stabilizer for the synthesis of poly(phenylene oxide) in CCD as it gave 
both high yields and high molecular weights (Table 6). 
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Scheme 2. 

Polymerization of PPO in CO 2 



+ nH20 


Table 6. 


Results of phenylene oxide polymerizations in C.C>2 a 


Stabilizer 

Stabilizer 

concn. 

(w/v %) 

Yield 

(%) 

M n 

(kg/mol) 

PDI 

none 

0 

67 

6.1 

1.6 

PFOA 

2.8 

50 

8.7 

1.6 

PS 4 -5k _b-PFOA 25k 

2.8 

74 

17.2 

5.8 

PS-co-PFOA* 

2.8 

83 

3.0 

2.8 


a Polymerization conditions: 345 bar, 40 °C, 20 h, using a copper:amine:monomer ratio of 
1:22:75 with pyridine as the amine. b 46.3% styrene : 53.7% FOA 


3. CHARACTERIZATION OF SURFACTANTS IN C02 

Small angle neutron scattering (SANS) has been employed in the characterization of 
both C02-philic homopolymers and self assembled polystyrene-b-poly(FOA) surfactant 
molecules in CO 2 A 4 ’ ^ Experiments were preformed at the W. C. Koehler 30 m SANS 
spectrometer at the Oak Ridge National Laboratory.^ Utilizing SANS we are able to 
determine the weight average molecular weight (M w ), the radius of gyration (Rg), and the 
second virial coefficient (A 2 ) of solvated macromolecules. We also determined the degree of 
aggregation and characteristic dimensions of surfactant molecules in a micelle. 

Dilute concentration series of two different molecular weight samples of PFOA were 
analyzed over a range of temperatures and pressures (40 °C < T < 65 °C and 340 bar < P < 395 
bar). A 2 values were found to be positive, indicating that supercritical CO 2 is a 
thermodynamically good solvent for PFOA over these conditions. The radius of gyration was 
found to be 110 A for the high molecular weight sample (M w = 1.4 x 10^ g/mol) and 35 A for 
the low molecular weight sample (M w = 1.1 x 10^ g/mol). Analysis was preformed on 1.3 x 
10 4 g/mol PDMS and 1.6 x 10 4 g/mol poly(hexafluoro propylene oxide), Krytox®. at similar 
conditions finding that CO 2 is a poor solvent for PDMS and approximately a Theta (0) solvent 
for Krytox®. 

A series of block copolymers were studied by SANS in which the C02-philic PFOA 
block length was varied (16,600 < M n (g/mol) < 61,100) and the C 02 -phobic polystyrene 
block was held constant (M n = 3,700 g/mol). Fitting of the scattering curves to a core shell 
model predicts spherical structures with an average degree of association of 7 surfactant 
molecules per micelle. This value was constant for the series of materials as would be expected 
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for surfactants with the same insoluble or 'core' segment. The total radius, however, increases 
smoothly (80 to 100 A) with the increasing soluble or 'shell' segment length. 

4. CONCLUSIONS 

Polymerization of industrially important monomers can be realized in CO 2 with the 
application of logically designed surfactant technology. The binding segment of the surfactants 
has been tailored to specific growing polymer particles. Both chemical binding and physical 
absorption have been displayed as mechanisms for stabilization of polymer colloids during 
synthesis. The synthesis of commodity and engineering plastics in environmentally benign 
CO 2 could facilitate the removal of tremendous amounts of aqueous and organic waste in the 
chemical process industry. 
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1. INTRODUCTION 

Many industrial wastewaters and landfill leachates are contaminated with organic 
pollutants, which are biologically persistant. Due to the low concentration levels, the removal 
of such effluents by incineration is not favourable. Therefore, an integrated method is under 
development at our institute to extract organic pollutants in a first step with supercritical fluids 
(especially C0 2 ) and to further destroy them in a second step by an indirect electrooxidation 
process. 

The same combination of supercritical fluid extraction (SFE) and mediated 
electrooxidation (MEO) has an application potential for synthesis of organic compounds. In 
an industrial scale one limiting factor for the efficiency of the production of organic 
compounds is the amount of by-products. With the novel integrated method the selectivity of 
the desired reaction can be influenced and so the space-time-yield enhanced. 


2. EXPERIMENTAL METHODS 
2.1. Mediated Electrooxidation (MEO) 

A principle advantage of electrochemistry can be found in the ecological benefit by using 
a non-polluting redox species, the electrical current, so that possible emissions of additional 
chemicals can be avoided. 

It is known from former publications that by the use of some transition metals in the 
highest oxidation state organic substances can be oxidized to a useful reaction product 
(synthesis) (1, 2) or oxidized totally to C0 2 (waste destruction) (3-5). In a procedure using 
indirect electrooxidation, the organic substance (pollutant or reactant) is brought in contact 
with an aqueous phase, where the oxidizing agent is continuously produced by anodic 
oxidation. The oxidant finally reacts with the organic substance to the desired products. 
During reaction the redoxmediator is reduced, stays in the electrolyte and can be anodically 
oxidized again so that a closed cycle is formed (see Figure 1). 

Mediated Electrooxidation has a wide range of applications caused by the use of different 
mediators. Mediators with higher standard potential (Ag 2+ / Ag + : E 0 = 1.98 V, Co 3+ /Co 2+ : 
E 0 = 1.81 V) are mainly used for the total oxidation in waste management (3-5). For our 
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Figure 1. Principle of Mediated Electrooxidation 


experiments in waste destruction we chose Co 3+ as oxidation agent because of the high redox 
potential of the Co 3+ /Co 2+ redox couple and its property to be produced with great current 
efficiencies in electrolytic cells, which do not need a cell diaphragm (6). The behaviour of a 
cell diaphragm under high pressure conditions is not yet investigated. No insoluble cobalt 
chlorine compounds are known so that no precipitations must be handled like in the case of 
silver as mediator. 

Mediators with lower standard potential (Ce, Mn, sometimes Co) are mainly used in 
selective organic synthesis (1, 2). We chose Ce 4+ (E 0 = 1.61 V) as oxidation agent to avoid 
total combustion to C0 2 and because of the large solubility of its salts in aqueous solutions. 


2.2. Supercritical Fluid Extraction (SFE) 

Separation by supercritical fluids is characterized as well by a large ecological benefit. In 
our case we use the property of various gases to change their solvent power for different 
organic substances in dependance of temperature and pressure. The solubility for organic 
substances in C0 2 under ambient conditions is very low and increases with density. At the 
critical point (for C0 2 : P c = 73 bar; T c = 31 °C; p c = 0.466 g/cm 3 ) and above the solvent power 
achieves values of „classical“ solvents and is tuneable by variation of pressure and 
temperature. Therefore supercritical C0 2 can be used as a substitute for „classical“ solvents 
like chlorinated hydrocarbons or hexane. The transport properties like viscosity or diffusivity 
are favourable (7). C0 2 is non flammable, non toxic, environmentally compatible and can be 
easily separated (expansion step). Supercritical CO, has applications for the extraction of 
organic pollutants from organic contaminated solids or liquids (8, 9) and as a solvent for 
organic synthesis (10). 
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3. DESCRIPTION OF THE METHOD AND APPARATUS 


3.1.Integration of SFE and MEO for Synthesis 

In our institute a novel method is under development to integrate mediated 
electrooxidation and supercritical fluid extraction for synthesis of organic compounds. 
Figure 2 shows the principle of this combination 



Figure 2. Principle of integration of SFE and MEO for synthesis 


With regard to an economically beneficially synthesis an organic reactant is dissolved in 
supercritical C0 2 and brought in contact with the aqueous electrolyte in a two-phase reaction 
column. The mediator, dissolved in the electrolyte, oxidizes (or reduces) the reactant to the 
desired product. In an ideal case the formed product stays in the SF-C0 2 phase, leaves the 
column with the C0 2 and can be isolated in an expansion step. The electrolyte is recycled 
outside the pressure apparatus in a conventional electrolytic cell. Electrolysis gases and C0 2 
dissolved in the electrolyte leave the apparatus from the electrolytic cell. 

The flexibility of this apparatus is rather large. The electrolyte composition as well as the 
supercritical fluid itself can be variied. Different types of reactions can be investigated: 
oxidations and reductions with either the supercritical fluid or the aqueous electrolyte being 
the continuous phase. Residence time is variable in a wide range by variing the density of the 
supercritical fluid and the height of the column. The apparatus is designed for a single drop 
method, so that experiments regarding mass transfer can be performed. 

Selectivity can be enhanced by changing the mediator (redox couple and electrolyte 
composition) and by variing the residence time. The apparatus can be used up to a pressure of 
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350 bar and a temperature up to 90°C. The mediator concentration amounts 0.1 - 0.5 M in 
0.5 - 3 M sulfuric acid. Due to the high corrosivity of the electrolyte, especially under high 
pressure conditions, all parts of the apparatus, which are in contact with the electrolyte, are 
made of titanium. Figure 3 shows a piping and instrumentation diagram of the apparatus. 



Figure 3. Piping and instrumentation diagram of combination for synthesis 


First experiments show for the sidechain oxidation of toluene to benzaldehyde and the 
oxidation of naphtalene to naphtoquinone by cerium the principal applicability of this method. 


3.2. Combination of SFE and MEO for Waste Destruction 

With regard to waste destruction organic contaminated liquids or solids can be extracted 
with supercritical C0 2 .The organic pollutant is dissolved in the C0 2 and can be decomposed 
by indirect electrooxidation under the same conditions. Figure 4 shows the principle of this 
method. 

As a benefit the product of the electrooxidation process is C0 2 and can be used, after 
separation of excess C0 2 and other gaseous reaction products, for the extraction procedure. A 
pressure cell has been constructed, where the C0 2 loaded with the organics is contacted with 
the electrolyte containing the oxidation agent, so that the pollutants can be destroyed by 
oxidation. Figure 5 shows the piping and instrumentation diagram of this apparatus. 
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Figure 4. Principle of integration of SFE and MEO for waste destruction 



Figure 5. Piping and instrumentation diagram of combination for waste destruction 
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The apparatus is designed for a pressure up to 350 bar and a temperature up to 90 °C. The 
electrolyte composition is 0.5 M cobaltsulphate in 3 M sulfuric acid. Due to the high 
corrosivity of the electrolyte the apparatus is made of titanium as well. 

The regeneration of the electrolyte is carried out within the high pressure cell. The casing 
is used as cathode, a platinated central bar with additional sieve plates as anode. The function 
of these installations is to form an effective dispersion between the supercritical C0 2 phase 
and the aqueous electrolyte phase. Current density ranges up to 100 mA/cm 2 , the cell voltage 
amounts 3 - 5 V. 

Up to now SFE is simulated by a saturating unit, where organic model substances can be 
dissolved in supercritical C0 2 and decomposed in the high pressure electrolytic cell by the 
mediator. C0 2 recycling has not been established yet. 


4. SUMMARY 

A novel combination of two non-polluting engineering steps has been demonstrated: 
mediated electrooxidation (MEO) and supercritical fluid extraction (SFE). The combination 
has an application potential for waste destruction and organic synthesis. A small apparatus has 
been constructed for each application. 

In case of organic synthesis the electrolyte recycling is performed outside of the pressure 
apparatus, in case of waste destruction inside of the apparatus. 
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ABSTRACT 

For design, scale-up, optimisation and control of a commercial reactor it is essential to have 
accurate kinetic data at hand. In the past, hydrogen reactions in the fine chemicals and 
pharmaceutical production were carried out with powder catalysts and in a batch mode. Due 
to more economic and environmental constraints, the application of continuous fixed bed 
reactors will become more important in the future. It is therefore necessary to have a system 
for finding the optimal catalyst as well as to study the kinetics of the reaction free of mass 
transfer and other disturbing effects. The reactor system can be used for hydrogenations with 
and without solvents, or with supercritical C0 2 as a solvent. Emphasis will be in particular on 
the reactor design as such, the control strategies, and the necessary peripherals will be 
described in detail. The suitability of this system has been extensively tested with the model 
hydrogenation reaction of methyl-cinnamate in methanol and with an intermediate for the 
production of vitamins with C0 2 as solvent. 


1 INTRODUCTION 

Hydrogen reactions play an important role in the production of fine chemicals, vitamins and 
pharmaceutical products. In recent years continuous reactors rather than the traditional batch 
reactors are becoming more interesting. 

For the economic analysis, the design and scale up of commercial reactor systems it becomes 
more important to use modern mathematical modelling tools and therefore it is necessary to 
get more insight into the macro kinetic aspect as well as the understanding of the behaviour of 
the phase equilibrium. As well for investigating the aspects of choosing the optimal catalyst it 
is necessary to have a suitable technology available. 

In the past, laboratory batch reactors (which are still our workhorses) with powder catalysts 
were applied and somehow showed their limitations with pellet catalysts. 

Differential internal recycle reactors have become important tools in recent years for the 
investigation of catalytic processes and a number of such reactors have been reported in 
literature with the main emphasis on the actual reactor design [1,2]. In this work a similar 
reactor, which has been developed by the main investigator for gas-phase reactions under low 
pressure and high temperature, where it proved its suitability, is described. [3] 



38 


Recycle reactors working at high internal recycle ratios approximate differential conditions on 
the catalyst bed quite well and therefore can be treated as a CSTR, where the production rate 
of each organic reactant ■ can be calculated from a mass balance by: 

Z7 

r, - — (w, - Wjf) / MW, (1) 

Where : r : = production rate of component j in [mol/(h g cat )] , F = feed mass flow rate; W,„ = 
mass of catalyst; w ,, w, f = weight fraction of component j in the outlet and feed stream, 
respectively, MWj = molecular weight of component j. 

2 EXPERIMENTAL SYSTEM 

In order to apply this reactor principle to a multi-phase system such as hydrogenation 
reactions and under high pressure, further development of the reactor and relevant peripheral 
components had to be tested with special emphasis of the control strategy. 

The system was developed to perform two types of operating modes for commonly 
encountered hydrogenation reactions in the production of fine chemicals and pharmaceuticals. 

• Hydrogenation with pure substrate and/or diluted with conventional solvents, the so-called 
classic method 

• Hydrogenation using supercritical C0 2 as a solvent 

The relevant components and control loops are shown in Figure 1. 



Figure 1: P & I Diagram of the Experimental System for both Types of Operating Modes 
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All relevant measurements such as temperature, pressure and flow rates were continuously 
controlled and data acquired with a Eurotherm Control System TCS 100/1000. The liquid feed 
was supplied from the feed tank using a (Lewa) membrane pump (max. 25 1/h at 300 bar). The 
hydrogen flow was controlled by a (High-tech Bronkhorst) flow controller - all the other 
flows were measured by Rheonik flowmeters. The reactor temperature was heated by means 
of a electrical heater (2 kW) using a thyristor and cooled using a separate cooling coil with 
water/glycol as a cooling medium. The temperature was kept constant by a cascaded control 
arrangement between 0 and 300 °C. The revolution of the turbine was controlled between 100 
and 4500 RPM. Samples were taken at the outlet of the reactor and periodically analysed with 
an on-line GC (Siemens). 

2.1 Preliminary Tests 

In order to check the suitability of such a system under reaction conditions a number of 
preliminary tests were carried out using the hydrogenation of methyl-cinammate as model 
substance. 



Diagram 1 shows the influence of the stirrer speed on the reaction rate. This was done in order 
to ensure the absence of external masstransfer limitations. Stirrer speed above 1000 RPM 
showed no influence on the reaction rate anymore. Investigations below that speed show 
masstransfer limitations and will be of interest for further studies. 

Diagram 2 shows the influence of the degree of filling, that means the ratio of substrate to 
active catalyst sites. With this test it was ensured that all the active sites on the catalyst were 
wetted and in use. Investigation below 180 g would only utilise part of the catalyst and 
therefore would be meaningless. 
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Degree of Filling (g| 

Diagram 2: Reaction Rate as a Function of the Degree of Filling 

2.2 Hydrogenation using the classic method 

In this mode the amount of the substrate was controlled by massflow controllers and the 
pressure by the inlet of the hydrogen. The amount of substrate in the reactor at any time was 
measured by an overall weight balance. 

In order to keep the amount of substrate (or virtual level) constant in a three phase system, the 
whole reactor was placed with flexible tubing on a Mettler scale with a special resolution of 
0.1 g. This signal was used as the input to the weight (level) controller. The substrate feed was 
kept at a constant value by controlling the feed pump. 



Diagram 3: Results of the Relevant Control Loops of the Classic Hydrogenation 

Diagram 3 shows the reactor system under non-reactive conditions using ethanol as a test 
substance with a feed rate of 20 g/min, pressure BO bar, temperature 50 °C. In the first 6 
minutes the reactor was filled by the feed pump to the desired degree of filling. After that the 
heating control was switched on, reaching the desired temperature after another 12 min, then 
the feed flow and pressure control were activated. Under these conditions the reactor reached 
a steady state after a total time of 20 min. 
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2.3 Hydrogenation using C0 2 as a solvent 

In a second stage the suitability of the reactor system was tested for hydrogenations using 
supercritical C0 2 as a solvent. This operating mode required another control strategy, where 
all the mass flows to the reactor were controlled separately. The pressure was maintained by 
valve in the exit line. Experiments were carried out using an intermediate from the production 
of vitamin at F. Hoffmann-La Roche AG. 

bar 


°C Pressure [bar] 200 



Diagram 4: Results of the Relevant Control Loops for the Hydrogenation with C0 2 


3 RESULTS OF KINETIC EXPERIMENTS 

The operating methods were tested with two relevant model reaction. Teh kinetic data 
obtained were fitted to simple power-law models as well as more complicated ones and 
parameters estimated by the least-square method, activation energies and volumes could be 
determined and an adequately accuracy in the reproduction of experimental results was always 
achieved. 

3.1 Kinetics of the classical Method 

Experiments were carried out hydrogenating a 5 % (weight) methyl-cinnamate in methanol 
solution as a model substance on a commercial catalyst. The temperature range was between 
50 - 150 °C, the pressure between 20 - 100 bar, the feed flow rate 10 - 150 g/min, the catalyst 
mass 5 - 67 g and the amount of filling was kept at 200 g. The following power-law model (2) 
for the rate of disappearance of mythyl-cinnamate represented the data well; the influence of 
pressure in this region was small and therefore neglected: 
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were co ” £ represents the amount of methyl-cinnamate (g/g)of the reaction mixture, with a 
frequency factor ko= 385.1 g (1 " 0587) /(min g ca t) ; activation energy E A = 16.6 kJ/mol, and an 
apparent reaction order of m E = 0.59, the correlation coefficient of the parameter estimation 
was 0.9747 

3.2 Kinetics with C0 2 as a Solvent 

Experiments were carried out hydrogenating two double-bonds of an unsaturated ketone , an 
intermediate in the production of vitamins, with a commercial catalyst. The temperature range 
was between 150 - 220 °C, the pressure between 120 - 175 bar, the feed flow rate of the 
unsaturated ketone at 30 g/min, the feed flow rate of C0 2 of 15 -100 g/min, the feed flow rate 
of hydrogen 2.2 - 6. 6. l N /min and a catalyst mass of 10 - 30 g. Results incorporating more 
sophisticated models with emphasis on the calculation of the phase equilibrium have been 
employed and are reported separately in [4], 

4 CONCLUSION 

The experimantal system developed has proven its applicability for kinetic studies as well as 
for testing the catalyst in the development of commercial high pressure processes and is 
extremely useful for the fundamental understanding of these types of reactions. The results 
reported showed that kinetic data at high pressure can be measured with a high 
reproducability accurately and can be regressed accurately by means of kinetic models with 
different degree of complexity. Even though the system was developed for hydrogenation 
reactions, it can be used as well for a variety of other multi-phase reactions. 
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1. INTRODUCTION 

1.1 The traditional process 

Ever since W. Normann in the beginning of the century invented his process for hydrogenation 
of fats and oils, it has mainly been performed in the original way, i.e. in a batch reactor where the 
oil, hydrogen and the catalyst as a slurry are mixed intensively. Alternatively, the loop reactor by 
Buss AG and some continuous systems have been in operation. 

The purpose of the hydrogenation is to create the desired melting profile and texture of the 
oils, before they can be used for production of margarine or shortening. Due to the hydrogenation, 
the oils become less sensitive to oxidation and their stability increases [1], The annual production 
of hydrogenated oils is about 25 million tons [2, 3]. 

In nature almost all double bonds in fatty acids are cfr-bonds. During hydrogenation another 
kind of double bond is formed, the tram- bond. From a medical point of view the tram -fatty acids 
are seriously questioned [4], 

The half hydrogenation theory [5, 6] predicts that, the higher the hydrogen concentration at 
the catalyst, the lower the formation of fraw-fatty acids. The theory has been verified by many 
experiments [e.g. 7, 8J. 

The low solubility of hydrogen in oils [9] and the transport-resistances in the gas/oil/catalyst 
interface restrict the reaction rates and cause the high content of traw-fatty acids [10]. Much 
research has been focused on development of new catalysts and new reactor designs. Flowever, 
the success has been limited [1]. 

1.2 The new process 

For the first time ever, we have succeeded in radically overcoming the solubility problem and 
the transport-resistances for the hydrogen. We can control the concentration of hydrogen at the 
catalyst surface almost unlimitedly. 

We use a solvent miscible with both oil and hydrogen, thus forming a substantially 
homogeneous phase to pass the catalyst surface. The solvent is near-critical or supercritical 
propane. The oil does not prevent the hydrogen from entering the pores of the catalyst anymore. 
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By adding propane to the reaction mixture, we have attained extremely high reaction rates, up 
to 1000 times higher than with the traditional technique. These results occur when the whole 
mixture of propane, oil and hydrogen is in a supercritical or near-critical state. 

These reaction rates are very important to the process economy for both full and partial 
hydrogenation of triglycerides. 

At partial hydrogenation of triglycerides, the traditional process gives high amounts of trans- 
fatty acids. Oils with traws-fatty acid concentrations acceptable from medical point of view can 
be produced using our new process [11], 


2. METHODS 

2.1. Products 

We have hydrogenated triglycerides (TG) and fatty acid methyl esters (FAME). 

2.2. Equipment 

A flow sheet for the continuous reactor used is shown in Figure 1. Below we will several 
times refer to the abbreviations in this figure. 

The amounts of hydrogen and oil were controlled according to known principles [12], 
Propane, hydrogen and oil were mixed at room temperature (see M). The mixture was heated to 
the desired reaction temperature and brought into an HPLC tube filled with a catalyst powder (see 
Temp and reactor). After the reactor samples were collected from the high pressure section using 
an HPLC valve (see A and [13]). The pressure was reduced to atmospheric pressure (see P), and 
the oil and the gases were separated (see Sep). Finally, the gas flow was measured (see F). This 
flow, mainly propane, was controlled by a pressure-reduction valve (see P). 

2.3. Analytical methods 

The product quality was analysed using silver-ion-HPLC and gradient elution [14]. This 
method was developed from an isocratic method [15], The kind (cis / trans) and the amount of 
the FAME was determined. From these data the iodine value (IV) was calculated. 

The densities of hydrogen and propane are required to control the mixing and to estimate the 
reaction times. The densities were calculated from the Peng-Robinsson equation of state [16]. 


propane 



Figure 1. Flow sheet for the reactor used. 
M. Mixer 

A. Sampling-valve for analyses 

Sep. Separation gas / oil 


Temp. Temperature control 
P. Pressure reduction valve 

F. gas flow-meter 
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3. RESULTS AND DISCUSSION 

3.1. Optimized conventional hydrogenation process 

The concentration of trans-fatty acids has recently been minimized for the conventional 
hydrogenation process. When they used the same catalyst as we did, 5%Pd on carbon, their 
productivity of partly hydrogenated triglycerides became 700 kg / m 3 h and the concentration of 
trans-fatty acids became 34% at 60 °C and 7 bar. The IV was 67.5 [8]. 

3.2. Hydrogenation at supercritical conditions 

The results from our initial study are illustrated in Table 1 and in Figure 2. 

We have attained a tremendous productivity of completely hydrogenated FAME, 700 000 
kg / m 3 h (see, e.g. Table 1 exp. 2). With this productivity, a reactor volume of 3 m 3 is enough to 
cover the worldwide production of hydrogenated oils! 

The tremendous reaction rates we have attained are primarily due to the substantially 
homogeneous phase surrounding the catalyst. The kind of catalyst is a secondary question. 

We have attained a very high productivity for full hydrogenation of FAME both using a 
commercial palladium catalyst (see Table 1, exp.2) and a commercial nickel catalyst (see Table 
1, exp.3). We have also attained a high productivity for full hydrogenation of triglycerides (see 
Table 1 exp.4). 

For partial hydrogenation, we have managed to reduce the tram-fatty acid concentration to 
15%, and still maintain a very high productivity, 80 000 kg of FAME / m 3 h, (see Table 1 exp. 1). 

However, the degree of hydrogenation decreased with time. The decrease was mainly related 
to the amount of processed oil. This phenomenon is illustrated in Figure 2. During an experiment, 
samples were taken and analysed by HPLC. The compositions of the samples are shown on the 
y-axis. The x-axis represents the amount of oil that had passed the catalyst. 

In the experiment illustrated in Figure 2, the composition of the FAME at the reactor inlet was 
as follows: 8.7% saturated; 66.2% cis; 14.6% ci.s+cis: and 10.5% cis+cts+cis. This composition 
gives an iodine value (IV) of 109. 

When the catalyst was fresh, the IV at the reactor outlet was about 50. At the end of this 
experiment the IV had increased to 85. The increase was due to a decrease in the saturated FAME 
and an increase in the cis FAME. The trans and poly cis FAME concentrations were roughly 
constant at 15% and 5%, respectively, (see Figure 2) 

In our experiments the life time of the palladium-catalyst was similar to the life time attained 
in traditional industrial reactors (about 50 kg oil / g Pd). 

3.3. Development 

At present, intensive research is done to find optimal reaction conditions (concentration, 
temperature, pressure, flow rate, lifetime of catalyst, etc....) for different catalysts. 



-p- 

G\ 


Table 1. 

Hydrogenation of oils (TG or FAME) at near-critical or super-critical conditions. 


Exp. Reaction Mixture Reaction Conditions Product Quality 


no 

Propane 

w% 

Oil 

w% 

Hydrogen IV s 
w% 

Catalyst 

Volume 

Pi 

Time 

ms 

Temp. 

°C 

Pressure 

bar 

Productivity 

^8 product / rn reactor ^ 

IV a 

tram 

% 

i 

99.7 

0.26 b 

0.002 

110 

Pd d 

7 

40 

50 

120 

80 000 

70 

15 

2 

95.7 

4.16 b 

0.140 

110 

Pd“ 

7 

80 

90 

70 

700 000 

< 1 

<0.1 

3 

99.13 

0.85 b 

0.017 

110 

Ni' 

9 

65 

190 

155 

90 000 

< 1 

<0.1 

4 

93.6 

6.30 c 

0.043 

140 

Pd d 

2500 

12 000 

50 

100 

5 000 

0.1 

<0.1 


a Iodine value 

b Fatty methylesters from rapeseed oil 
c A commercial vegetable oil, i.e. triglycerides 
d 5% Pd on activated carbon (E 101 O/D 5% Degussa AG) 
e Nickel (Ni-5256 P, Engelhard) 



FAME 


47 


$ 



100 

80 

60 

40 

20 

0 


Figure 2. Product composition at the reactor outlet as a function of the amount of FAME 
processed and the amount of Pd in the reactor. 

The reaction conditions were the same as those presented in exp.l in Table 1. 

★ Iodine value; ■ trans; o poly cis; a mono cis; o saturated 


4. CONCLUSIONS 

With the new supercritical hydrogenation technique: 

- the productivity was very much higher (roughly a factor 1 000 higher) than ever attained using 
the traditional hydrogenation technique. 

- the concentration of trans fatty acids was considerably reduced compared to conventional 
processes using the same catalyst and the same degree of hydrogenation. 

- the consumption of catalyst was similar to the consumption using traditional techniques. 


Iodine Value 
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1. INTRODUCTION 

The rapid expansion of supercritical solutions (RESS) has been explored 
recently as a novel route for the production of small and monodispersed 
particles (l_-2_)- Particle formation involves nucleation, growth and 
agglomeration. In RESS, nucleation is induced by a rapid decompression; growth 
and agglomeration occur within the expanding solution. The thermodynamics 
of the supercritical mixture influences the relative importance of these 
mechanisms, and thus play a key role in sizes or size distribution of final 
particles. 

This experimental work explores selected RESS conditions - preexpansion 
pressure, concentration and postexpansion temperature- upon the particle size 
of the products. Four compounds were processed in order to assess the general 
trends of the experimental conditions upon the particle size. 

Some properties of the solutes investigated are given in Table 1. The 
morphologies are the ones obtained by crystallization from solution (3). 
Characteristic peaks of the X-Rays (20) are also reported. 

Table 1 


Properties of solutes 


compound 

formulae 

MW 

morphology 

X-Rays angle 

T m 

caffeine 

C 8 H 10 N 4 O 2 

194.2 

nd, hex. pr 

12;26;27 

238 

salicylic acid 

2-OHC 6 H4COOH 

138.1 

nd, mcl. pr 

10;16;24;27;28 

159 

anthracene 

Q 4 H 10 

178.2 

ta, mcl. pr 

9;18;20;24;25 

215 

theophylline 

C 7 H 8 N 4 O 2 

180.2 

nd, pi 

6;ll;13;22-29 

274 


T m =melting temperature (°C); nd=needle; hex.pr=hexagonal prism; mcl.pr= 
monoclinic prism; ta=tablet; pl=plate 
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2. APPARATUS 

The apparatus has been previously described (4). The dissolution column 
consists of a stainless steel tube (2.54cm O.D x 30 cm length), packed with lg of 
solute mixed with glass beads (d= 3mm). The column operates in parallel with a 
by-pass line; two regulating valves at the outlets adjust the flow rates coming 
from the two lines (column and by-pass) allowing to dilute the solute 
concentration up to a dilution ratio of 8. The supercritical solution then enters 
into a high pressure chamber (Ruska Cell 2329-800; 100cm3) through a 
thermostated stainless tube at the end of which a silica capillary is held in place. 
A feedback-controlled cable heater is wrapped around the section, allowing a 
control over the preexpansion temperature (Tp) and preventing the solvent 
condensation and freezing during the expansion. When the solution flows 
through the expansion capillary, it experiences a rapid decompression which 
results in precipitation of the solute. The solute is then deposited in a glass 
beaker inside the expansion chamber, whose pressure (Pe) and temperature (Te) 
are respectively controlled with a micrometric valve, and by immersion in a 
cooled ethylene glycol bath. Particles are observed by optical or scanning electron 
microscopes (ZEISS microscope and JEOL JSM-840; samples coated with gold- 
palladium) and cristallinity is monitored through the use of a powder X-Rays 
diffraction (Scintag Inc., PAD-5). 


3. SOLUBILITY AND RELATION WITH THE PROCESS 

In RESS, nucleation is induced by the reduction of pressure that occurs 
when the mixture is expanding through the nozzle. However, depressurization 
may not be the only driving force of nucleation. Since the supercritical mixture 
is overheated to counterbalance expansion cooling, the temperature may also 
induce nucleation. These two driving forces occur when experimental 
conditions correspond to a decrease in solubility upon heating, therefore in the 
retrograde region of solubility. The relation between trends in particle size 
observed experimentally and the evolving of the solubility -i.e. the solute 
concentration- vs pressure and temperature has been unequivocally shown 
through the modeling of the aerosol formation by Kwauk and Debenedetti (5). 

Except for theophyllin, the solubilities are similar: at a dissolution 
temperature (Td) and a dissolution pressure (Pd) of 65°C and 250bar, 
respectively, the mole fractions are of 2.5e-4 for anthracene, 5e-4 for caffeine and 
6.5e-4 for salicylic acid. Theophyllin is an order of magnitude lower, with a value 
of 0.2e-4. The mole fractions allow one to estimate the maximum production 
rate for the experimental set up. Assuming a recovery of produced particles of 
100%, and no dilution required for processing, the production rates are 1.0 , 1.2 , 
0.5 and 0.04 g/h for caffeine, salicylic acid, anthracene and theophyllin, 
respectively (conditions: Pd = 220bar, Td=65°C, capillary =1.5cm x 75pm ; flow 
rate of liquid C02=11.2ml/min) 
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From solubility curves, it is shown that caffeine exhibits the 
distinguishing feature of a wide retrograde behavior (cross over pressure of 
240bar), while the retrograde region of the other compounds is narrower 
(170bar). Since the experimental set up imposes the pressure limit, operating 
above the cross over pressure was not always possible. Indeed, many processing 
difficulties (plug of the capillary originating unsteability of flow and of the 
expansion chamber temperature) occured frequently with caffeine and salicylic 
acid, and especially when the diameter of the capillary was of 50micron. To limit 
these drawbacks, it was necessary to dilute the mixture or to use a higher 
capillary diameter (75micron, or 150micron for a convergent nozzle in the 
apparatus at LIMHP). The dilution ratio can be varied depending the pressure, in 
order to investigate separately the role of the pressure or the mole fraction on 
the produced particles. 


4. RESULTS AND DISCUSSION 
4.1. Particle size 

Experimental conditions and size of produced particles are given in Tables 
2 and 3. Other parameters were fixed as follows: capillary length= 1.5cm; 
Preexpansion temperature=92°C; Pressure of expansion chamber= 15bar. Y is the 
mole fraction of the solute (xlO +4 ), C.D. the capillary diameter (micron) and 
particle sizes are expressed in micron. 

Modelling of the aerosol formation predicts that the particles produced in 
partial expansions are small, in the submicron range ( 5-6) . However, 
experimental size are usually larger, indicating that growth or agglomeration 
occur within the free jet. Indeed, the temperature of the expansion chamber was 
found to be a sensitive parameters: runs#105/140, #104/137 for anthracene, # 
147/149/148 for caffeine, #130/131 for salicylic acid show that the lower the 
temperature, the smaller are the particles. 

The effect of pressure is illustrated through runs #137/138, or #104/105, or 
#106/108 for anthracene, #76/78/80 or #85/147/159 for caffeine, #122/123 or 
134/135 for salicylic acid. An increasing pressure leads to a decreasing size of 
particle, wether the solute concentration in the fluid is kept constant or varies 
with the pressure. In order to investigate the respective role of the pressure or 
the mole fraction on the particle size, further experiments and computational 
works are currently performed. 

Regarding anthracene particles formed in the range of 140bar (run#104), 
one can see agglomerated structures and particle of 2pm thickness. When the 
pressure is increased, agglomeration still exists (#105), unless the temperature of 
the expansion chamber is lowered (#138,139). With the of 50pm capillary, the 
morphology of caffeine changes from needle to a curved filament by increasing 
the pressure (#76/78/80); none of the runs performed with the 75pm capillary 
had led to similar morphology. A filament morphology was obtained for 
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salicylic acid (#123). Experimental conditions were in the same range as for 
caffeine, except for the higher concentration and the capillary of 75pm. 


Table 2. 


Conditions and results of Anthracene and Caffeine experiments. 


run 

Td 

Pd 

Te 

Y 

Morphology 

distribution 

d/L 

C.D 

104 

42 

142±2 

68±2 

oT" 

Anthracene 
tablets A large 

<30/ 4-50 

75 

105 

42 

216±2 

78±1 

0.7 

thin tablets A 

large 

<10/ 1-15 

75 

140 

43 

220±3 

46+1 

0.7 

tablets 

medium 

<7/ 1-7 

75 

138 

62 

215±5 

26+4 

0.4 

pparticles 

pparticles 

narrow 

<3/3 

75 

137 

63 

148±4 

36±2 

0.4 

tablets A 

large 

<12/ 1-20 

75 

139 

62 

215±5 

31±2 

1.0 

tablets 

narrow 

<10/ 1-10 

75 

106 

42 

216±3 

63+3 

0.4 

pparticles 

tablets* 

large 

<14/ 2-20 

50 

108 

42 

272±8 

58±5 

0.4 

tablets 

narrow 

<2/ 2-10 

50 

85 

42 

105±5 

47±5 

oT - 

pparticles 

Caffeine 

needles 

large 

<1.2/ 3-62 

75 

147 

42 

150±5 

52+2 

0.8 

needles 

UN 

<0.6/ 2-12 

75 

159 

42 

217+6 

52±2 

0.7 

needles 

narrow 

<0.8/ 1-6 

75 

76 

46 

151±7 

55±9 

0.4 

needles A 

large 

<0.8/ 2-13 

50 

78 

43 

182±6 

55±5 

0.4 

filament 

UN 

<0.4/ UN 

50 

80 

43 

223±6 

45±5 

0.4 

filament 

UN 

<0.3/ UN 

50 

149 

42 

153±8 

67+3 

0.8 

needles 

UN 

<0.6/ 2-12 

75 

148 

43 

148±8 

82±6 

0.8 

needles 

large 

<1.2/ 5-24 

75 

96 

42 

144±2 

73±7 

0.4 

needles 

medium 

<0.2/ 2-57 

75 


* from optical microscope- Agglomeration- UN=undefined 

large distribution many particles of larger size - narrow= only few particles of 

larger size 

In the pressure range of 150bar, and crystallization temperature of 50°C 
(#121,122), salicylic acid needles exhibit a secondary structure of small appendix.. 
From optical microscope observations, some needles also branch out and form 
long structures of 320pm and diameter of 4pm. Appendices or branches seem to 
be related to a high temperature in the crystallization unit in conjunction with 
low pressure, since they disappear when other conditions are set. On the other 
hand, they are specific to this compound since none of the solutes exhibits such 
structures in similar experimental conditions. 

Theophyllin shows a singular behavior with pressure: from 150 to 215bar 
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(#111/112) the morphology changes from needles to very thin bands, despite an 
increase in concentration. Similar trend is observed from 220 to 300bar 
(#115/118), where branch structures of similar dimensions than the skeleton are 
seen. 

Table 3. 


Conditions and results of Salicylc acid and Theophyllin experiments. 


run 

Td 

Pd 

Te 

Y 

Morphology 

distribution 

d/L 

C.D 

121 

44 

155±9 

48±3 

0.7 

Salicylic acid 
needles large 

<5/10-80 

75 

122 

45 

143+3 

51+1 

2.3 

appendix 

needles 

large 

<8/10-60 

75 

123 

45 

214±3 

49±4 

2.3 

appendix 

filament 

UN 

1/5 

<3.5/ UN 

75 

134 

63 

150+9 

28±4 

2.2 

needles* 

UN 

<1/30 

75 

135 

63 

218±4 

28±6 

2.2 

needles* 

UN 


75 

128 

43 

223±2 

36±2 

2.3 

needles* 

large 

<4/ 2-55 

50 

130 

45 

287+8 

36±2 

2.5 

needles* 

medium 

<4/ 2-65 

50 

131 

76 

282+2 

4+1 

>8 

needles* 

narrow 

<2/ 2-20 

50 

111 

45 

150+9 

65+2 

<0.07 

Theophyll 

needles 

in 

medium 

<0.9/ 4-12 

75 

112 

42 

215±5 

66+2 

0.07 

band 

UN 

<4/ <20 

75 

113 

61 

210+9 

57±2 

0.12 

needles 

UN 

<0.9/ <10 

75 

115 

65 

225+9 

47±2 

0.12 

needles 

UN 

0.4/ <10 

50 

116 

85 

300±10 

18±5 

0.19 

band* 

UN 

<1.2/ UN 

50 

118 

65 

300+10 

39±5 

0.13 

branch 

band* 

UN 

<0.9/ UN 

50 

119 

77 

205+5 

28±5 

0.14 

branch 

needles 

UN 

1-2/<8 

75 


4.2. Crystallinity 

Crystallinity was checked by comparing X-Rays diffraction patterns of the 
products and feed. Measurements were performed directly on the material 
collected on the slide held in the crystallization unit. For caffeine, the filament 
structure gives only a weak major peak and a broad band between the 20 values 
of 18 and 32, indicating some disorder compared to the crude sample. Needles 
morphology does not provide necessarily the complete x-rays pattern. No 
correlation was found between experimental conditions and the lack of minor 
peaks. Furthermore, when the slide was overloaded with material collected 
from the beaker sides, most of the peaks were detected. So the lack of minor 
peaks may be most likely due to insufficient quantity of material but can also 
represent a partial loss of crystallinity for a specific material. Similar trends were 
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observed for salicylic acid. Anthracene always exhibited the complete x-rays 
pattern. Since very little material was usually collected for theophyllin despite a 
run time of 2 to 3 hours, crystallinity was checked once (#112). Surprisingly, the 
pattern exhibited different peaks compared to the feed product; this may be 
related to the unusual band morphology obtained. Further investigations are 
required to draw precise conclusions. 


5. CONCLUSION 

The RESS process leads easily to 1-10 micron-sized particles; larger 
particles (80micron) can also be produced, but size distributions are quite larger. 
Except for theophyllin for which insufficient information was obtained, caffeine, 
salicylic acid and anthracene behave similarly. For ease of processing, a 75 
micron capillary is preferable to a 50 micron one because it allows a higher solute 
concentration without plugging, and hence increases the production rate. Small 
particles obtained at a dissolution pressure of 280bar with a 50pm capillary can be 
advantageously produced at lower pressures (220bar range with the 75 micron 
capillary) provided a low expansion temperature (30°C range) is maintained. 
Theoritical and computational work aimed at interpreting the above results is in 
progress. 


REFERENCES 

1. P. Debenedetti, J. Tom, X. Kwauk and S.-D. Yeo. Fluid Phase Equilibria, 82, 
(1993)311 

2. P. Subra. Ann. Chim. Fr.* 20, (1995) 305 

3. N. Lange. Handbook of Chemistry, 9th Edition, Handbook Publishers Inc., 
Sandusky, Ohio USA (1956) 

4. J. Tom, P. Debenedetti and R. Jerome. J. Supercritical Fluids, 7, (1994) 9 

5. X. Kwauk and P. Debenedetti. J. Aerosol Sci., 24 (1993) 445 

6. H. Ksibi. Thesis of University Paris 13, Paris (1995) 



High Pressure Chemical Engineering 

Ph. Rudolf von Rohr and Ch. Trepp (Editors) 55 

® 1996 Elsevier Science B.V. All rights reserved. 


Wet Oxidation of Organics under near Critical Conditions 

E, Pongratz 3 ; S. Peter 3 ; G. Hartel b ; C. Freese b 

3 Friedrich-Alexander-University of Erlangen-Niirnberg, Department of Technical Chemistry II, 
Egerlandstr. 3, 91058 Erlangen, Germany 

b Freiberg University of Mining and Technology, Department of Environmental Process Engi¬ 
neering, Leipziger Str. 28, 09596 Freiberg, Germany 


1. INTRODUCTION 

The formation of residual waste-water is unavoidable in many manufacturing processes. 
When the dissolved organic substances are toxic or hard to decompose biologically, a decom¬ 
position of these substances by oxidation is of interest. The decomposition of organic residual 
matter by hydrothermal oxidation was first proposed and investigated by Modell [1,2]. Due to 
the high critical pressure of water and the high temperatures necessary to suitable reaction 
rates, the operation pressure exceeds 25.0 MPa. These hard conditions cause severe corrosion 
problems, especially when the substances to be decomposed contain halogens. Therefore, there 
is some interest in looking for methods of corrosion prevention under the conditions of 
hydrothermal oxidation. In this connection, the objective of the investigations should also deal 
with the question for a suitable catalyst, which allows for reduction of temperature and 
pressure. 


2. EXPERIMENTAL PROCEDURE 
2.1. Wet-Oxidation 

The set up used in this study was a laboratory-scale, continuous-flow reactor system. Solu¬ 
tion and oxidizing agent were pumped by metering pumps to a mixing cross beneath the tube 
reactor. The flow rates of both were digitally displayed by a mass flow meter assembly. A pre¬ 
heater assembly was used only for heating the pressurized feed solution. Hydrogen peroxide as 
oxidizing agent was pumped in at ambient temperature to minimize the self-disintegration befo¬ 
re being mixed with the waste-water stream. In order to maintain a constant pressure signal, 
two pulsation absorbers were installed directly behind the pumps. After reaction the effluent 
was cooled in a first heat exchanger below 470 K before passing the back-pressure valve and a 
second heat exchanger. The gas flow was vented after a sample was collected. The liquid phase 
was split into the streams of effluent and partial reflux. All parameters such as temperatures or 
flow rates were indicated in the control station and registered by a personal computer. 


After circulating the prepared feed solution to stabilize flow rates and temperatures, the 
oxidizing agent was added. The temperature after mixing, which was equivalent to the reaction 
temperature at the reactor inlet was measured by a thermocouple placed within the mixing 
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cross. Temperatures in the middle and at the end of the reactor were also registered within the 
reaction solution. At these same positions samples were taken. The maximum flow rate was 
about 18 1/h corresponding to a residence time of 1 minute. The reactor-tube had an inner dia¬ 
meter of 14.5 mm and a length of 180 mm corresponding to a global reactor volume of 
300 ml. 

Three samples were collected for each measuring point. The integral standards as COD 
(Chemical Oxygen Demand) and TOC (Total Organic Carbon) were determined. The oxidized 
product was analyzed using gaschromatographic techniques. The pH-value of the liquid reac¬ 
tant and samples was registered by a pH-meter at the end of pipe. Hydrogen peroxide in a con¬ 
centration of 35 wt.% and a nitrogen/oxygen-mixture (60:40 vol.%) were used as an oxidizing 
agents. Phenol, 4-chlorphenol, pyridine and aniline were used for the experiments. 

2.2. Corrosion Experiments 

In addition to the organic compounds, waste water contains dissolved salts. This causes se¬ 
vere corrosion problems under conditions of operation in the near-critical region of water. The 
corrodibility of different materials in contact with waste water and oxidizing agents was inve¬ 
stigated at temperatures up to 573 K and pressures up to 15 MPa. Furthermore, the applicabili¬ 
ty of appropriate inhibitors for corrosion protection was studied under mentioned conditions of 
wet oxidation. 

For these investigations the metallic samples were fixed in cylindrical autoclaves and instal¬ 
led in an insulated block which was thermostated by electric heating. The autoclaves were kept 
in a continuous motion throughout the experiment. Thereby a steady contact of the material 
samples with the gas as well as the liquid phase of the reaction fluid could be maintained. After 
an operation time of two or three weeks at constant temperature the autoclaves were opened, 
the samples were weighed, visually examined and a part of them analyzed. The residual 
samples were put back in the autoclaves for further treatment 

For better judgement of corrosion and, respectively, the corrosion inhibition, REM photo¬ 
graphs of the sample surface were taken. An energy-disperse analysis gives information about 
the chemical composition of the surface layer. The material samples were made out of buil¬ 
ding-steel St 1203 and V2A-high-grade steel 1.4541. 


3. RESULTS AND DISCUSSION 

The basic idea was to carry out the oxidation in an alkaline regime to minimize the corro¬ 
sion potential of the reaction solution. This offers the possibility to use common materials e.g. 
as high-grade steel or carbon steel. Furthermore to use hydrogen peroxide as oxidizing agent 
due to its easier handling in comparison with oxygen, its great oxidation potential and its ability 
to form peroxo-radicals. The nitrogen/oxygen mixture as oxidizing agent was used to compare 
the activity with hydrogen peroxide. 

3.1. Wet Oxidation 

3.1.1. Model substances 

Aqueous solutions of phenol, 4-chlorphenol, pyridine and aniline were used as examples for 
studying the performance of the set up. In addition to that, a general view of the hydrothermo- 
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lytical oxidation process should be obtained. The influence of pH-value and temperature on the 
course of reaction was investigated. As the enhancement of the pH of the reacting system may 
possibly reduce the corrosion rate, its influence on reaction rate is of great interest. Figure 1 
shows as example 4-chlorphenol and COD decomposition at pH 3 and pH 9 as a function of 
residence time at 300°C and 10.0 Mpa. 


conversion rate [%] 



T = 300"C. p = 10.0 MPa 


Figure 1. Decomposition of 4-chlorphenol by oxidation at pH 3 and pH 9 

The influence of the pH-value on the decomposition of 4-chlorphenol is not very significant, 
whereas the COD reduction is better at pH 3 than at pH 9. Pyridine and aniline are very stable 
compounds, so even residence times of more than 10 minutes at 340°C and a pH of 7 are lea¬ 
ding to conversion rates of about 65 %. As shown ihn figure 2, it is obvious that an alkaline 
regime has a negative influence on the decomposition due to its lower oxidation potential. 
Stable fragments can not be degraded even after a longer residence time. 



conversion rate [%] (pyridine) 


residence time [min] 


T - 340*C, p - 15.0 MPa 


Figure 2. Decomposition of pyridine by oxidation at pH / and pH ID 
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3.1.2. Enriched air (40 vol.% 0 2 ) as oxidizing agent 

In comparison with H 2 0 2 , enriched air has a lower oxidation potential but is much cheaper 
with regards to the operating costs. For phenol, the reduction with H 2 0 2 is higher than with 
N 2 /0 2 as oxidizing agent in a noncatalytic reaction. By increasing the reaction pressure it is 
possible to improve the conversion rate with N 2 /0 2 as a result of a higher content of dissolved 
oxygen. 

3.1.3. Catalysis 

The reduction of operation temperature and pressure is possible by using a suitable catalyst. 
Especially in combination with N 2 /0 2 as oxidizing agent an effective catalysis is of great inte¬ 
rest. As metal-catalysts platinum, palladium and iron oxide (poroton) were investigated. 


conversion rate [%] 



Figure 3. Effectivity of catalysts 

The decomposition of pyridine and N 2 /0 2 as oxidizing agent at 300°C was improved by a 
factor of 2.5. Increasing the pressure up to 14.0 MPa leads to a greater content of dissolved 
oxygen and a conversion rate of more than 85%. By increasing the temperature to 330°C a 
pyridine decomposition of more than 90% is possible. Without a catalyst the reduction is only 
a third in comparison to the catalyst platinum. 

3.1.4 Treatment of real waste water 

The results of the wet oxidation of the model substances were transfered to waste water 
from the pharmaceutical industry. The non-degradable compounds were converted into harm¬ 
less substances which can be decomposed biologically. This results were confirmed by a Zahn- 
Wellens-test. The combination of wet-oxidation and following biological treatment allows a 
TOC reduction of more than 90%. 

3.2. Corrosion experiments 

The investigations on corrosion and corrosion inhibition were carried out under the conditi¬ 
ons of the oxidation experiments and also at elevated temperatures up to 523 K. The metallic 
samples were not pre-treated. On the surface of carbon steel St 1203 as well as high-grade 
steel 1.4541 without addition of an inhibitor corrosion and pitting can clearly be seen after the 
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short period of time of about 1 week at 200°C and a concentration of chloride-ions of about 
50 g/1. (fig. 4 and fig. 5) 




Figure 4. St 1203 after treatment at pH 7 Figure 5. 1.4541 after treatment at pH 7 

(cc,-= 50 g/1, T = 200°C, 1 week) (c< ,-= 50 g/1, T = 200°C, 1 week) 

By a shift of pH-value from pH 7 to pH 11 and in presence of 100 g/1 KBO 2 as corrosion 
inhibitor the sample’s surface shows a more homogeneous structure (fig. 6 and fig. 7). A 
weight loss could not be observed even after 2 weeks of treatment. 



Figure 6. St 1203 after treatment at pH II 
(c ( -|-= 50 g/1, crho 2=100 g/1, T = 200°C, 
2 weeks) 



Figure 7, 1.4541 after treatment at pH 11 

(crr= 50 g/1, Ckbo 2 =100 g/1, T = 200°C, 
2 weeks) 


An extra improvement was achieved by addition of CaO in ration 1:1 to KB0 2 . As conse¬ 
quence of Ca(B0 2 )2 forming a very stable and dense layer was built up. These results were 
confirmed by tests with 4-chlorphenol under real conditions at 300°C and with H 2 O 2 as oxidi¬ 
zing agent. A concentration of 7.5 g/1 KB0 2 and 5 g/1 CaO was proved to be as an acceptable 
compromise between salt formation and necessary corrosion inhibition. 


3.3. Economics 

By application of enriched air as oxidizing agent the usage of noble metals as catalyst like 
platinum is required so that the operating costs are increasing. By using hydrogenperoxide as 
oxidizing agent a catalyst can be cancelled due to its high oxidation potential. Generally the 
capital costs for waste water treatment of non-degradable compounds can be decreased about 
10% by using common materials in contrast to hastelloy or inconel However, to run the 
process autothermally a minimum content of organics (COD about 20g/l) has to be garantueed. 
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4. CONCLUSIONS 

Since corrosion is a severe problem of hydrothermolytical oxidation, corrosion control de¬ 
serves close attention in the course of further development. The presented process offers the 
possibility to use common reactor materials e g high-grade steel 1.4541 or in selected applica¬ 
tions even carbon steel St 1203. If calciumborate as corrosion inhibitor is used special alloys 
like hastelloy or inconel are not absolutly necessary for wet oxidation in presence of chloride- 
ions. 

Increasing of the pH-value of the reaction mixture results in a corrosion decrease, but the 
rate of oxidation decreases simultaneously. The decrease of the reaction rate could be compen¬ 
sated by increasing the reaction temperature or by adding suitable catalysts. Increasing the pH- 
value from 4 to 9 causes also a decrease of reaction rate. The increase of temperature from 473 
K to 573 K redoubles the reaction rate The global reaction order ranges also in this case bet¬ 
ween 0.5 and 1, as reported in earlier studies [3,4,5], As shown by the treatment of real waste 
water the combination of wet oxidation and biological treatment afterwards leads to satisfacto¬ 
ry results [6,7], 
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1. INTRODUCTION 

The industrial application of the SCWO process strongly depends on the solution of two major 
technical problems: corrosion of the reactor material when halogenated compounds are proc¬ 
essed and precipitation of inorganic product salts plugging the reactor. Consequently, research 
programmes were established to investigate appropriate construction materials and modify reac¬ 
tor configurations. The principles of the most outstanding constructions are shown in figure 1: 

Fig. 1: Principles of the most outstanding SCWO 
reactor configurations: a) tubular reactor develo¬ 
ped at the university of Austin, Texas /I /, com¬ 
mercialized by EWT, operated in Huntsville,Texas 
121 , capacity 5 gpm; b) vessel reactor, MODAR 
Inc, Massachusetts /3/; c) transpiring wall reactor, 
Summit Research Corp., Santa Fe, New Mexico 
/4/; filmcooled coaxial hydrothermal burner deve¬ 
loped at the ETH Zurich, Switzerland 15 / 



Whereas the tank type and the transpiring wall type are experimentally operated in bench scale 
rigs, the tubular reactor with multiple feedpoints for oxygen and quenching water is already 
commercialized for the treatment of solutions, such as long-chain alcohols and amines, without 
the risks arising from salt formation and corrosive compounds. 
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The fourth type, the filmcooled coaxial hydrothermal burner /5/ is under development at the 
ETH Zurich and, to our knowledge, it is operated experimentally with model substances at pilot 
scale level. 

In 1991 a programme was started at the Research Center of Karlsruhe (FZK/ITC-CPV), com¬ 
prising the oxidation of hazardous organic material in supercritical water /6/. For this purpose 
two continuously operated test facilities of different scale were constructed. Simultaneously a 
separation process of lubricating cooling oils from metal machining residues by means of su¬ 
percritical C0 2 extraction (SC-C0 2 -Extraction) was developed and presently has good chances 
to be commercialized 111 . In parallel, a liquid/fluid countercurrent extraction column is con¬ 
nected to the C0 2 test rig and basic investigations concerning drop formation and mass transfer 
have been started. 



Fig. 2: Principles of the SCWO plants 1 kg/h 
and 10 kg/h water) operated in the 
FZK/ITC-CPV 



Fig, 3: Principles of the SF-CO 2 test rig, 
capacity 30 kg/h C0 2 111 


The methods of supercritical extraction and of supercritical oxidation in carbondioxide can fa¬ 
vourably be integrated in one process if the extracted solute has to be disposed. 

The VISCO code, developed at FZK/ITC-CPV in former times is now used both for process 
monitoring and for process modelling. First results will be presented at this conference /8/. 

2. EXPERIMENTS IN THE SCWO LABSCALE PLANT /9/ 

Design data are: 1kg water per hour, P<300 bar and T<600 °C kept constant by a fluidized 
sandbath in which a 6 m tubular reactor coil with an inner diameter of 2 mm is submerged. 33 
thermocouples measure the reaction temperature profiles. Water, organic material and the pres¬ 
surized air can be preheated. 

Oxidation experiments started with ethanol and were continued with further model substances 
like n-hexane, cyclohexane, benzene, toluene and nitrobenze, etc. Investigated parameters in¬ 
clude fluidized sandbath temperature levels of 350 °C to 550 °C, the water throughput of 300 
g/h to 1200 g/h and oxygen stoichiometry varying between 1.2 and 2.0. Organic waste concen¬ 
tration ranged between 2.5 and about 10 w%. In-line instrumentation in the product gas pro¬ 
vides continuous data for the concentrations of CO, C0 2 and 0 2 , whereas samples from the 
aqueous phase provide information about the residual TOC and soluble organic products de- 
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tected by GC-MS and IC. The resulting TOC values of 12 % in maximum show a clear depend¬ 
ency on bath temperature and contact time. The influence of the stoichiometry varied by a factor 
of nearly 2 is not clearly visible. Fig. 4 gives an example for the benzene and nitrobenzene oxi¬ 
dation at 240 bar and 550 °C. The dominating influence under these conditions of water 
throughput and residence time respectively is shown by the figure 4. 



Fig. 4: Residual TOC data for the oxidation of benzene (left) and nitrobenzene (right) in the 
labscale plant. Temperature 550 °C, pressure 240 bar. Parameters are throughput of 
water (W), air (A) and organic material (O) 

In preparation for an integrated separation and oxidation of organic wastes, preliminary oxida¬ 
tion tests with ethanol and toluene in supercritical CO 2 , substituting the water, were recently 
performed successfully /10/, figure 5. 

At a constant pressure of 240 bars, about 350 g/h CO 2 loaded with 10 w% ethanol and a 1.5 
fold stoichiometric excess of oxygen in air were fed to the system. The tests showed that TOC 
values of 0.01 % can be obtained similiar to the SCWO process. It is remarkable that the reac¬ 
tion seems to continue for more than 2.5 hours at temperatures of the reaction tube substantially 
below 300 °C. This is in contrast to the ethanol oxidation in water only starting above 360 °C. 

In the near future these tests, investigating optimized reaction temperatures and the influence of 
water will be continued in the lab system. 


Ok CO 

Caphaa 

I 

%TOC 
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0.01 




Fig5 .; Oxidation of ethanol in supercritical C0 2 , 350 g/h C0 2 , 240 bar, 35 g/h ethanol, 1.5 fold 
stoichiometric excess of oxygen 
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3. EXPERIMENTS IN THE BENCHSCALE PLANT IWI 

The benchscale plant principally follows the design scheme of the labscale plant, but is equipped 
with a tubular reactor coil made of Inconel 625, 15 metres in length, the 8 mm inner diameter of 
which is good for a throughput of 10 kg/h of water. Tests with model substances like ethanol 
and toluene showed results comparable to those of the labscale plant. 

In order to prepare experiments with real wastes, a 0.8 w% sodiumsulfate solution under vari¬ 
ous flow conditions was used to test the reactor performance in the presence of precipitations. It 
could be demonstrated that the system can be operated for a limited time with moderate salt 
concentrations in the effluent. Salt cakes accumulating to about 150 gramms in total and plug¬ 
ging the 8 mm tube were redissolved by flushing with water at temperatures below 100 °C. 

The results of first tests with industrial effluents are shown in Tab. 1. They comprise solutions 
such as pharmaceutical waste originating from the synthesis of penicillin and carrying low solid 
but high soluble salt concentrations, de-inking effluents from a paper mill and municipal sludge, 
both charged with mainly solid organics. As it could be expected, the system was operable only 
for a limited time affer starting the feed at controlled bath temperatures. Several samples taken 
within one run proved steady state conditions. 

Especially the first two examples demonstrate that the carbon conversion depends on the tem¬ 
perature. The stoichiometric oxygen excess for the three runs was kept high at values of 8 and 
higher. The volumetric throughput varied between 6 and 10 kg/h. The mass flows resulted in 
residence times in the range of 25 to 50 seconds related to the bath temperatures and the whole 
reactor volume. The said operating conditions show that the carbon conversions are not opti¬ 
mized with respect to temperatures and residence times. However, the comparison of gaschro- 
matographical data showed that no more feed compounds could be found in the product solu¬ 
tions. 


TAB. 1: Results with industrial wastes in the bench scale plant 


Waste type 

Feed-TOC 

ppm 

Conversion Temperature 
% °C 

Salt-concentration 

% 

Operating time 
h 

Pharmaceutical 

7.000 

83 

410 

1 

2 (RP) 

waste water 

20.000 

97 

550 

3 

0.5 

Paper mill 

2.000 

98 

450 

0.1 

2 (FE) 

sludge 

2.000 

99 

500 

0.1 

2 

Sewage sludge 

1.000 

85 

500 

<0.1 

3 (PP) 


RP: Reactor plugging, FE: Feed finished, PP: Pump valve plugging 


4. CORROSION TEST PROGRAMME /12/ 

In two test rigs materials like Inconel 625, Haynes 214, Hastelloy C-276, Nicrofer 5923 and 
6025 were tested in aqueous solutions containing 0.5 mol/kg oxygen and 0.05 to 0.5 mol/kg 
HC1. One of the rigs offers the possibility to test five tubes in parallel at pressures between 240 
to 400 bars and at temperatures up to 600 °C. Practically all types of material showed heavy 
local corrosion affer some tens of hours. More encouraging results were obtained for oxide ce¬ 
ramics, small samples of which are presently under test. 

Fig. 6 gives an impression of the local corrosion depending on temperature. 
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• (021=0.5 mot/kg; [Ha)>0.06 mot/kg; 150 h. Dr. N. Boukrs ITC FZK 


Fig. 6: Corrosion in an Inconel 
625 tube at 240 bar and 400 °C 
operating temperature. Results 
after 150 hours in 0.5 mol O 2 
and 0.05 mol HC1 per kg of 
water, flowrate 60 rnl/h, /12/ 


The attack at a pressure of 240 bar is very severe at temperatures between 300 and 390 °C 
where the local gradient is steep. In the steady state section at 400 °C, the bite is comparatively 
moderate. Further corrosion tests indicate that at higher pressures the bite speeds up and that a 
higher steady state operating temperature has a minor influence on the corrosion rate. 


5. FUTURE WORKING PROGRAMME 

Salt precipitation and corrosion are the technical key problems of the economical solution which 
will make the SCWO process an important tool for the treatment of hazardous organic wastes. 



Fig. 7: Principles of the transpiring wall 
reactor configuration 
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The development of a corrosion resistant material e. g. may take a time too long for industrial 
implementation in a competitive market situation. Transpiring wall or filmcooled coaxial burner 
techniques have a high potential to solve said problems by design supported by a material test 
programme. 

If not, the SCWO process will be technically and economically restricted to special applications 
in a small waste section.In parallel to the described activities, a transpiring wall reactor configu¬ 
ration has been designed and is presently under construction, comp. Fig. 7. A concentrical po¬ 
rous tube separates the supercritical reaction volume from the pressure bearing containment. 
This porous tube can be made of sintered metal, what is presently intended, or of porous oxide 
ceramics. At the beginning the choice of materials will be limited to hardware on stock which 
can be changed for experimental reasons at comparatively low costs. First experiments will con¬ 
centrate on the prevention of salt accumulation at the wall. Subcritical water is thought to re¬ 
move precipitations under falling film conditions. Improved corrosion resistance is the second 
reason to follow this concept. Parameters for optimization are: Flow ratio of film water and 
feed, qualification of the sintered material, heat transfer between film and reacting bulk solution, 
energy input to start the SCWO reaction, output of gas charged salt brine. The system is 
planned to go into operation at the end of 1996. 
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Supercritical fluids, particularly supercritical C0 2 , scC0 2 , are attractive solvents for cleaner 
chemical synthesis. However, optimisation of chemical reactions in supercritical fluids is more 
complicated than in conventional solvents because the high compressibility of the fluids means 
that solvent density is an additional degree of freedom in the optimisation process. Our overall 
aim is to combine spectroscopy with chemistry so that processes as varied as analytical 
separations and chemical reactions can be monitored and optimised in real time. The approach 
is illustrated by a brief discussion of three examples (i) polymerisation in scC0 2 (ii) hydrogen 
and hydrogenation and (iii) miniature flow reactors for synthetic chemistry. 

1. INTRODUCTION 

Supercritical fluids are making an increasingly large impression on chemical science [1]. In 
recent years, much of this interest has focussed on the replacement of conventional solvents in 
chemical reactions, either to improve the efficiency of a process or to render it environmentally 
more acceptable, so-called “Clean Technology”. The supercritical research group at the 
University of Nottingham has concentrated largely on inorganic and analytical chemistry [2]. 
The emphasis of most of this work has been to combine spectroscopy with chemistry so that 
processes can be monitored in situ. There is a broad range of on-going research projects 
including:- 

(i) Chemical Reactions, particularly those involving organometallic compounds. The 
objective has been to generate compounds which would be difficult or even impossible to 
isolate from conventional solvents. Much of the work has exploited the complete 
miscibility of H 2 and N 2 with supercritical fluids to generate new dinitrogen and 
dihydrogen compounds [3]. Recently, a miniature photochemical flow reactor has been 
used [4, 5] to isolate the labile organometallic complexes without the use of any additional 
solvents, e.g Cr(CO) 5 (C 2 H 4 ), from the reaction of Cr(CO) 6 and supercritical C 2 H 4 . 
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(ii) Spectroscopic monitoring of the impregnation and extraction of organometallics into 
polymers [6] and porous solids as potential precursors for catalysts or formation of thin 
films [7], 

(iii) Nanosecond time-resolved IR spectroscopy for monitoring the kinetics of reactions in 
supercritical fluid solution [8, 9], 

We have recently reviewed the use of vibrational spectroscopy in supercritical fluids [2] and the 
theme common to most of our projects is the use of spectroscopy for real-time optimisation of 
processes in supercritical solution. Such optimisation is considerably more important in 
supercritical fluids than in conventional solvents because the tunability of the fluids results in a 
greater number of parameters which can affect the outcome of a reaction. Thus, the chances of 
hitting the optimal conditions purely by “trial and error” are much less in supercritical solution 
than in conventional reactions. Below, we give three examples of our approach, synthesis of 
polymers, transition metal hydrogen compounds, and the use of flow-reactors. 

2. EXPERIMENTAL 

The miniature high pressure equipment used in these experiments has been described previously 
[5, 10], Briefly, our strategy is always to work on the smallest scale possible with highly 
modular equipment which can be quickly modified or rearranged as the science demands. 
High pressure fluids are generated using a commercial pneumatically operated pump (NWA 
GmbH, Lorrach, module PM-101) with a maximum pressure of ca. 500 bar. In most 
experiments, the key components, valves, cells, etc are attached to small industrial magnets, 
which are used to fix the components onto a steel bench-top. These magnetic mounts provide 
good rigidity while still allowing rapid rearrangement of the layout. Spectroscopic cells were 
fitted with CaF 2 windows (IR and UV transparent). C0 2 and C 2 H 4 (BOC) were used without 
further purification. All spectra were recorded at 2 cm' 1 resolution on Nicolet FTIR 
interferometers (Models 205 or 730). Time-resolved IR spectra were recorded with the 
Nottingham spectrometer, based on tunable semiconductor diode lasers (Miitek GmbH) [8]. 

3. SYNTHESIS OF POLYMERS 

Polymerisation is one area where the introduction of supercritical fluids is especially appealing. 
Not only have many polymers traditionally been synthesised using solvents which are now 
considered environmentally unacceptable for long term use, but also the increased demand for 
so-called “specialty” polymers has led to the need for ever greater control of the polymerisation 
process itself. Supercritical fluids offer both environmental acceptability and the potential of 
extra control of the process. This potential arises from the gas-like nature of the fluids which 
allows pressure (and hence, fluid density) to be used as an additional parameter in the tuning of 
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chemical reactions. This is a rapidly expanding field; for example, J.M. DeSimone and 
coworkers have shown that scC0 2 really can play a useful role as a solvent in a wide range of 
polymerisation processes [11], including the replacement of CFCs in the synthesis of 
fluoropolymers, which are virtually insoluble in non-halogenated solvents. 

Here, we describe the use of vibrational spectroscopy to monitor the progress of polymerisation 
reactions in situ. Figure 1 shows the results of monitoring the polymerisation of an fluorinated 
acrylate ester similar to that used by DeSimone [1 la]. The reaction was carried out in scC0 2 
(200 bar) with AIBN, a common radical initiator. Under these conditions both the monomer 
and the final polymer are soluble in scC0 2 so the mixture remains as a single phase throughout 
the reaction. 



Figure 1 FTIR spectra recorded over a period of 24 hr, showing the polymerisation 
of a fluorinated acrylate in scC0 2 - i indicates the decay of a characteristic band of 
the monomer and t marks the growth of a band of the polymer. 

A large proportion of polymerisation processes are heterogeneous and recently, DeSimone has 
reported the use of fluorinated and polysiloxane based stabilisers for such polymerisation in 
scC0 2 [12]. These stabilisers provide a method for controlling the size of the polymer 
particles. In collaboration with US groups, we have used FTIR spectroscopy to show for the 
first time, that reverse micelles of water solutions can be stabilised in scC0 2 by fluorinated 
surfactants [13], Quite a range of inorganic salts can be dissolved in scC0 2 including KMn0 4 , 
which generates “purple C0 2 ” [14] reminiscent of the classic “purple benzene”, an early 
triumph of crown ether complexing agents [15], Such systems should allow us to develop 
other heterogeneous polymerisations in supercritical fluids, eg reverse emulsion polymerisation. 
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4. HYDROGEN AND HYDROGENATION REACTIONS 

Recent work by Noyori and coworkers [16] has highlighted the accelerating effects of 
supercritical solvents on the catalytic hydrogenation of C0 2 . Part of this acceleration is believed 
to be due to the miscibility of H 2 with scC0 2 which leads to a much higher effective 
concentration of H 2 than in a conventional solvent under similar conditions [see 3]. Time- 
resolved infra-red spectroscopy (TRIR), a combination of UV flash photolysis and very fast IR 
spectroscopy, now permits reactions to be monitored on a nanosecond time-scale [8,9]. Figure 
2 shows TRIR traces, monitoring the formation of Cr(CO) 5 (H 2 ), formed by photolysis of 
Cr(CO) 6 in n-heptane and scC0 2 under high pressures of H 2 , eqn 1. 

UV H 2 

Cr(CO) 6 -> Cr(CO) 5 s (s = C0 2 or n-heptane)-> Cr(CO) 5 (H 2 ) (1) 

Allowing for the difference in pressure of H 2 , the reaction in scC0 2 is ca x 16 faster than in the 
n-heptane, a consequence of the enhanced solubility of H 2 in scC0 2 and the weaker interaction 
of C0 2 with the reaction intermediate, Cr(CO) 5 . 



0 2 4 0 0.5 1 1.5 


Time (|dsec) 

Figure 2: TRIR traces recorded at ca. 1970 cm' 1 comparing the rate of formation 
of Cr(CO) 5 (H 2 ) in n-heptane and scC0 2 (total pressure 150 bar at 40°C). 

5. MINIATURE FLOW-REACTORS 

Flow reactors offer considerable advantages over sealed autoclaves for supercritical reactions. 
Not only do flow-reactors require a much lower volume than a batch reactor for a given 
throughput of material (with obvious safety advantages) but also it is much easier to optimise 
reaction conditions in a flow reactor. We have already reported [4,5] the use of a miniature 
flow-reactor for the photochemical preparation of unstable metal complexes. We are now 
extending these techniques to the study of thermal and catalytic reactions. As an initial stage we 
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have studied reactions of metal carbonyl complexes with scC 2 H 4 where C 2 H 4 is both the 
solvent and one of the reactants. Many carbonyl compounds undergo rather slow thermal 
reactions. Thus our strategy has been to synthesise compounds with rather labile ligands, by 
conventional Schlenk line techniques, and then to use these compounds for the supercritical 
reaction, Scheme 1. 



Scheme 1 Figure 3 

Figure 3 shows a schematic view of a flow reactor. It is similar to the photochemical reactor 
previously described in [5] but the UV photolysis cell has been replaced by a 1 m. stainless 
steel coil in a heated oil bath. As before, FTIR is used to monitor the conversion and optimise 
the conversion of reactant to product. Using such a system (C 5 Me 5 )Mn(CO) 2 (C 2 H 4 ) can be 
obtained in a high yield as in Scheme 1. We are now scaling up this miniature reactor to a 
technical scale, ultimately with the aim of carrying out “solvent-free” reactions on a kilogramme 
scale. 
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1. INTRODUCTION 

Metallocene catalysts are increasingly used in the polymerization of olefins under low 
pressure. By means of single-site metallocene catalysts homopolymers having a narrow 
molecular weight distribution and copolymers with a high chemical uniformity can be 
produced These resins are superior to the products from processes with conventional multi¬ 
site Ziegler-Natta catalysts. At present, Ziegler-Natta catalysts are used in different 
polymerization processes, one of them is the polymerization of ethylene and its 
copolymerization with 1-olefins under high pressure [1-3]. Small amounts of metallocene 
based polymers are manufactured by high pressure processes recently developped. Only few 
papers consider the application of metallocene catalysts in the polymerization under high 
pressure [4-6], The aim of this work was therefore to investigate the performance of such 
catalysts in the high pressure process and to evaluate the properties of the resulting polymers. 


2. EXPERIMENTAL 



Figure 1 Polymerization unit 
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Because of their acceptable thermal stability ansa-metallocenes are suitable catalysts for 
high pressure polymerization at temperatures fairly above 100°C. In this investigation a 
modified silyl-bridged bis(tetrahydroindenyl)zirconocene in toluene as the solvent was used. 
The cocatalyst was methylaluminoxane (MAO) which was available in a 10 wt% solution also 
in toluene. The polymerization experiments were performed in a continuously operated 
laboratory unit equipped with a stirred autoclave (Figure 1). It is described in detail in [6], 


3. RESULTS 

The rate of polymerization was determined from the amount of polymer obtained per unit 
of time. The productivity of the metallocene catalyst was calculated from the quantity of 
polymer and the catalyst metal fed into the reactor. The resulting polymers were investigated 
by gel permeation chromatography (GPC) to determine the molecular weight distribution 
together with the average molecular weights. The density was measured on pressed films by 
means of the suspension method in a mixture of water and isopropanol. 13 C-NMR- 
spectroscopy was applied to analyze the composition of copolymers and to evaluate their 
structure. 

First the influence of the ratio of cocatalyst to catalyst was investigated at a constant 
pressure of 1500 bar, a temperature of 180°C and 240 s residence time. Using a catalyst 
concentration of 0.01 mole ppm in the reactor feed, the ratio of the two components was 
varied between 3600 and 29000 mole Al/mole Zr. An excess of cocatalyst shifts the reaction 
between catalyst and cocatalyst toward the catalytically active species formed in this reaction 
Though catalyst productivity and the rate of polymerization increases with increasing ratio of 
cocatalyst to catalyst. This is shown in Figure 2 in which the productivity determined from the 
amount of polymer and the amount of catalyst metal is plotted versus the ratio of aluminium to 
zirconium. At ratios below 10000 mole Al/mole Zr only low productivities result. At higher 



Figure 2 Influence of the Al/Zr ratio on the productivity 
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Al/Zr ratios the productivity increases steeply to a constant value of around 4400 kg polymer/g 
Zr. In the following experiments a high ratio of 22000 mole Al/mole Zr was applied to exclude 
the influence of cocatalyst concentration. 

In order to investigate the influence of the pressure experiments were performed at different 
pressure of 500 to 1500 bar. All other parameters were kept constant: temperature 180°C, 
residence time 240 s, catalyst concentration 0.01 mole ppm in the feed and 22000 mole 
Al/mole Zr. 

As to be seen from Figure 3 productivity (curve a) and rate of polymerization (curve b) 
increased both with increasing pressure. At the highest pressure of 1500 bar a very high 
productivity of 4400 kg polymer/g Zr resulted. Also the rate of polymerization at this pressure 
was high and was in the range of 0.4 kg polymer/s/m 3 . 



Figure 3 Influence of the pressure on productivity and rate of polymerization 
Curve a: productivity; curve b: rate of polymerization 


The influence of the temperature was investigated at 1500 bar in the broad range of 80 to 
260°C. The change of the productivity with the temperature is shown in Figure 4. The 
productivity of 4400 kg polymer/g Zr was obtained at 180°C. When the temperature was 
decreased below 180°C the productivity increased steeply. At the lowest polymerization 
temperature of 80°C an extremely high productivity was observed. The change of the 
productivity with the temperature was only small above 180°C. 

In the high pressure polymerization narrow molecular weight distribution curves result 
which are typical for single site catalysts. Both the number average and the weight average 
molecular weight decrease with increasing polymerization temperature 

Besides the performance of metallocene catalysts in the homopolymerization of ethylene 
also their ability for copolymerization under high pressure was proofed. As comonomers a 
number of 1-olefins and dienes were used. In Figure 5 the change of the productivity with the 
concentration of the comonomer in the feed is shown for the copolymerization of ethylene with 
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propene, 1-hexene and 1,5-hexadiene. The polymerization tests were performed at 180°C and 
1500 bar. The concentration of the comonomer could be varied up to 100 mole%. 



Figure 4 Dependency of the productivity on the temperature 
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Figure 5 Productivity in the copolymerization of ethylene with 1-propene, 1-hexene or 1,5- 
hexadiene 
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The highest productivity of 4400 kg polymer/g Zr resulted in the homopolymerization of 
ethylene. It was found lower in the copolymerization with propene, 1-hexene and 1,5- 
hexadiene. With increasing concentration of the comonomer in the feed the productivity 
decreased and was only 50 to 600 kg polymer/g Zr in the homopolymerization of the pure 
comonomers. The lowest productivity was observed with 1,5-hexadiene. 


4. DISCUSSION 

From the rate of polymerization r po i measured at different pressures (Figure 3) an 
activation volume for the polymerization of ethylene catalyzed by metallocenes can be 
determined. For this purpose first an overall rate constant kp 0 j was evaluated from the relation 

fpo. =k po ,-c*[E] (1) 

in which [E] denotes the concentration of ethylene and c* stands for the concentration of the 
active sites of the catalyst. The activation volume Av # was then obtained from the well known 

dink pol _ -Av* 

expression 5p T RT (2) 

A value of Av # = -20 ml/mole was obtained which is in the same range as the activation 
volume of the radical initiated high pressure polymerization [7], From the negative activation 
volume it can be concluded that the volume of the activated complex formed in the transition 
state is smaller than that of the initial reactands. This is in agreement with ab inito calculations 
of Koga et al [8] for the insertion of ethylene into the Zr-C bond which show a shortening of 
Zr-C distance in the four-centered, nearly coplanar transition structure According to Equation 
2 the overall rate constant k po [ increases with increasing pressure when the activation volume 
is negative. 

The molecular weight of the polymer prepared in this work ranged from 100000 to 560000 
g/mole, the density was between 0.91 and 0.97 g/cm 3 (Figure 6). High polymerization 
temperatures resulted in a low average molecular weight and low density, whereas at low 
temperature polyethylenes having a high molecular weight and a high density could be 
prepared. 

The polymerization tests with ethylene and 1-olefines as well as with dienes showed a good 
ability of the metallocene catalyst for copolymerization. Interesting results from practical and 
theoretical point of view could be gained in the copolymerization of ethylene and 1,5- 
hexadiene. During polymerization first a complexation of one of the double bonds of 1,5- 
hexadiene takes place at the vacant coordination side of the transition metal. After insertion 
into the polymer chain the complexation of the second double bond occurs followed by 
intramolecular cyclisation of the 5-membered ring. Analysis of the 13 C-NMR spectra reveals an 
incorporation of 4.2 mole% 1,5-hexadiene and a predominance of trans rings caused by the 
diastereoselectivity of the cyclisation step. 

The advantages of high pressure known from the radical polymerization process for low 
density polyethylene are listed in Table 1. They can also be observed in the polymerization with 
metallocene catalysts. 



Radical polymerization _ Polymerization with metallocenes _ 

Only small quantity of solvent Improved product properties 

High rate of polymerization Wide range of molecular weight and density 

Short residence time Easy metering of soluble metallocenes 

Small reactor volume Process modifications 

Variety of comonomers Swing from metallocene to low density polyethylenes 

Established technology 

Stirred autoclave or tubular reactor 
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SUMMARY 

In this work the effect of different flow rates on the selective extraction of the 
ethyl esters synthesised in a lipase catalysed alcoholysis reaction of cod liver oil 
was studied. Further, we investigated the phase behaviour of the reaction 
medium. The results showed that a fast flow rate both results in a higher 
extraction rate of ethyl esters and shifts the equilibrium of the reaction towards 
further synthesis. In addition, this work has established that the reaction medium 
comprises of two phases. 

1. INTRODUCTION 

In recent years lipase catalysis in water-poor non-aqueous media (NAM), such as 
organic solvents, have received increased attention [1], Supercritical fluids (SCF) 
are a unique class of NAM, that have been considered as an attractive alternative 
to organic solvents. These fluids offer the same advantages for lipase catalysis, 
such as solubilisation of the hydrophobic lipid substrates, simple recovery of 
enzyme, as well as the possibility for the reversal of hydrolysis reactions in favour 
of synthesis, as organic solvents. Biocatalysis in SCF have recently been reviewed 
[2, 3]. One of the most unique properties of SCF is that they offer the possibility of 
a combined process of enzyme synthesis and product recovery. In addition, by 
selectively extracting either the desired product or the by-product from the 
reaction mixture one can shift the equilibrium of the enzyme reaction in the 
direction of further synthesis. The effect of shifting the thermodynamic 
equilibrium in this way was first investigated by Doddema et al. [4]. In that study, 
the ethanol produced in a continuos lipase-catalysed alcoholysis of ethyl acetate 
and nonanol, was removed. Adschiri et al. [5] improved the equilibrium in a 
batch interesterification reaction between tricaprylin and methyl oleate, by a 
selectively removing the by-product, methyl caprylate, from the reaction mixture 
with supercritical carbon dioxide (SCCO 2 ). Further, Shishikura et al. [6] reported 
on a improved lipase-catalysed incorporation of long-chain fatty acids into 
medium-chain triglycerides, in a batch reaction, by extraction of the by-product 
with SCCO 2 . 

Fish oils are a potential source of long chain n-3 polyunsaturated fatty acids 
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Clinical 
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studies suggest that these n-3 fatty acids may have beneficial health effects. 
Consequently, there is a demand for enriched concentrates of these fatty acids. 

In this paper we describe lipase catalysed ethanol-lysis of cod liver oil (CLO) 
in SCCO 2 , this is an especially attractive process solvent for enzymatic catalysis as 
it is non-hazardous and inexpensive. CLO is a fair source of EPA and DHA 
containing approximately 10% of each fatty acid. The enzyme reaction under 
investigation results in a complex mixture of lipid components consisting of 
triglycerides (TG), diglycerides (DG), monoglycerides (MG) and ethyl esters (EE). 
We set out to preferentially extract the EE synthesised during the course of the 
experiment from the multicomponent reaction mixture. The EE produced during 
the enzyme reaction are of interest because of the ethyl eicosapentaenoate and 
ethyl docosahexaenoate, which could be concentrated in a later step of the process. 
An integrated process of the kind described here opens new possibilities for the 
application of biocatalysis in industrial process. 

In our previous work [7] we have showed that the synthesised EE can be 
preferentially extracted at low pressures from the unconverted CLO and its side- 
products. The objectives of this work were to study; i) the phase behaviour of the 
reaction medium ii) the effect of flow rate on the extraction rate and recovery of 
EE. iii) whether the equilibrium of the enzyme reaction could be effected by 
increasing the flow rate of the extraction fluid. 

2. MATERIALS 

Immobilised lipase (Novozym 435) from Candida antarctica supported on a 
macroporous acrylic resin was purchased from Novo Nordisk A/S (Bagsvaerd, 
Denmark). The cod liver oil used was of commercial quality and obtained from 
Lysi h.f. Iceland. Dimodan LS is a commercial MG product made by Grindsted, 
Denmark, this product contains mainly monooleoyl- and monolinoleoyl 
glycerol. 

3. METHODS 

3.1. Enzyme reactions in SCCO 2 

Figure 1 presents the experimental equipment used to conduct all lipase reactions 
in supercritical carbon dioxide. Cod liver oil (4.0 g), ethanol (2.4 g ; 99.5%) and 
enzyme (0.8 g) were placed in a 30 cm3 reactor. The reactor was then connected to 
the equipment (Fig. 1) and pressurised by pumping CO 2 into the reactor. The 
substrates were continuously mixed using a magnetic stirrer.The sampling line 
for the gas phase was located on the top of the reactor. The outgoing CO 2 was 
depressurized to atmospheric pressure by opening a heated micrometering valve 
(12). This was first opened 60 min after the desired working pressure had been 
reached; thereafter the reactor was semi-batch. Both the flow rate and the amount 
of outgoing CO 2 were monitored on a mass flow meter (17). The sampling line 
for the liquid phase was located on the bottom of the reactor. The reaction was 
carried out for 330 min at 90 bar and 40 °C. Two flow rates of CO 2 were tested; 15 
mL CO 2 (at atm)/min and 150 mL CC> 2 /min. Three samples of both the gas and 
liquid phase were taken during the experiment. Ethanol (0.35 mL, 99.5 %) was 
added three times during the experiment to the reactor via a sample loop (8). 
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Figure 1. Schematic diagram of the experimental apparatus. 1. Gas tube, 2. Cool 
bath (-10 °C), 3. Pump, 4. Relief valve, 5. Check valve, 6. Pressure meter, 7. Shut¬ 
off valve, 8. Loop, 9. Water bath (40 °C), 10. Filter; 3.2 mm OD x 0.8 mm thick, 
0.25|im 11. Reactor, 12. Micrometering valve, 13. and 15. Cold traps , 14. Cooler (at 
0 °C), 16. Cooler (at- 60 °C), 17. Flow meter 

After the reaction had been carried out for 330 min the reactor was depressurized 
to atmospheric pressure, the residue dissolved in 40 mL 2-propanol and filtered 
through a Munktell No 3 filter paper into a previously weighed round bottom 
flask. A rotary evaporator was used to remove the solvent and the amount of 
residue was determined gravimetrically. The residue obtained was used in the 
phase behaviour experiments. All the data presented here represent the mean of 
two determinations. 

3.2. Phase behaviour experiments 

The apparatus used to study the phase behaviour of the lipids in SCCO 2 has been 
described in details by Hammam and Sivik [8], All experiments were carried out 
at 90 bar and 40°C. In this work the sapphire cell used was charged with 0.25 g 
lipid sample and 0.16 g ethanol (99.5 %) and the phase behaviour of this mixture 
observed visually. The amount of ethanol and lipid sample was chosen so that 
they would represent the proportions of ethanol, lipids and SCCO 2 present in the 
actual enzyme reaction experiment. 

3.3. Analysis 

The overall content of tri-, di- and monoglycerides and fatty acid ethyl esters, was 
determined by a method previously described [7], 

4. RESULTS AND DISCUSSION 

4.1. Phase behaviour 

At the beginning of the experiment the oil is present in the form of TG. During 
the reaction, the lipase splits the individual fatty acids from the glycerol backbone 
to form EE (a non-polar lipid component) as well as DG and MG (more polar lipid 
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components). Polar lipids, such as DG and MG, are amphiphilic i.e. they have a 
hydrophilic part (a polar head group) and a hydrophobic part (a non-polar lipid 
tail). Amphiphilic components are usually surface active and thus good 
emulsifiers. It was thus considered possible that the presence of these lipid classes 
might effect the phase behaviour of the mixture of ethanol/lipid sample in 
SCCO 2 . In order to study this, the phase behaviour of mixtures of ethanol and 
lipid samples with different lipid class composition were studied visually using a 
high pressure view cell, the results from these investigations are compiled in 
Table 1. 

Table 1. 


Phase behaviour of mixtures of ethanol and different lipid samples in SCCO 2 at 
90 bar and 40 °C 


Lipid sample 

Lipid class 
composition 

Phases observed 
without mixing 

Phases observed 
with mixing 

Unreacted 

CLOD 

TG 98% 

Clear gas phase & 
yellow liquid phase 

Hazy gas phase & 
yellow liquid phase 

Residue A 2 > 

TG 24%, EE 39% 
DG 12%, MG 7% 

Clear gas phase & 
yellow liquid phase 

Hazy gas phase & 
yellow liquid phase 

Residue B 2 > 

TG 13%, EE 42% 
DG 10%, MG 8% 

Clear gas phase & 
yellow liquid phase 

Hazy gas phase & 
yellow liquid phase 

Residue A/ 
Dimodan 2 ) 
(50/50 w:w) 

TG 12%, EE 20% 
DG 6%, MG53% 

Clear gas phase & 
yellow liquid phase 

Hazy gas phase & 
yellow liquid phase 


D Emulsion at atm, that becomes transparent when the cell is charged with 
SCCO 2 

2 ) Transparent yellow mixture at atm 

Residue A: remaining lipid residue when the flow rate of 15 mL/min was used 
Residue B: remaining lipid residue when the flow rate of 150 mL/min was used 

The main difference between the lipid samples under investigation is their lipid 
class composition (Table 1). The unreacted CLO contains nearly only TG while the 
main difference between Residue A and B was the amount of TG present in the 
sample. As there was no large difference in the amount of amphiphilic 
components, i.e. DG and MG, present in the two residues studied, additional MG 
(Dimodan) was added to one of the residues to investigate the effect of this. The 
results showed that two phases, a gas phase and a yellow liquid phase, were 
observed in all sample mixtures studied (Table 1). To study whether intensive 
mixing of the two phases present would effect their phase behaviour, the 
sapphire cell was turned up and down a couple of times. This resulted in a hazy 
gas phase, while the yellow liquid phase remained transparent. However, when 
the cell was merely swirled around once or twice, exclusively the gas phase in 
immediate vicinity to the phase boarder became hazy. These results suggest that 



83 


in the actual enzyme reaction experiments the continuos mixing of the substrates 
in the liquid phase probably results in a hazy gas phase close to the phase boarder. 
The reason why the gas phase becomes cloudy is unknown to us, probably some 
kind of structural rearrangement of the components present in the gas phase due 
to critical phenomena occurs upon mixing. Most importantly this study has 
established that the reaction medium comprises of two phases. Thus the risk for 
poor extraction selectivity due to a one phase system does not exist. 

4.2. Flow rate effects 

The effect of different flow rates on the extraction rate of EE from the reaction 
mixture is illustrated Figure 2. The results show that the higher flow rate results 
in a faster extraction and a higher recovery of the EE. This is probably largely due 
to the fact that the reaction mixture is exposed to more extraction fluid during a 
set time period. However, this may also be partly due to a faster reaction rate in 
this experiment. The reaction rate of the enzyme reaction under investigation 
has not been determined. Nevertheless, the total conversion of the TG substrate 
to EE was found to be higher when the higher flow rate was used, or 57% at the 
flow rate of 150 mL/min as compared to 38% when the flow rate of 15 mL/min 
was applied, this suggests that the reaction rate was faster in the former case. The 
total conversion is here defined as; sum of the amount of TG converted to EE in 
the residue and of that converted and present in the extract. The fact that the 
conversion to EE was higher when the faster flow rate was used indicates that the 
selective extraction of EE from the reaction mixture shifts the equilibrium of the 
reaction in the direction of further synthesis. These results are in agreement with 
the results presented by Adschiri et al. [5] and Shishikura et al. [6]. 



Time (min) 

Figure 2. The effect of different flow rates on the extraction rate 
of EE from the reaction mixture. 


As can be seen from Table 1, residues A and B both contained unextracted EE. At 
least some of these unextracted EE are probably located within the porous surface 
of the immobilisation support for the lipase enzyme.The extraction of these EE is 




84 


limited by the diffusion of the EE through the pores of the immobilisation 
support to the surface. It was observed, that no bulk liquid oil phase was present 
at the end of the 330 min long experiment when the faster flow rate was applied. 
This further supports the theory that the remaining EE are actually located within 
the immobilisation support. 

The solubility of the EE in CO 2 at the two different flow rates is shown in Figure 

3. At the higher flow rate the concentration of the EE was found to be 
approximately the same in all samples of the extract or about 30 mg EE/L C02. 
This suggest that equilibrium flow rate was obtained in this experiment. 

However, when the flow rate of 15 mL/min was applied the concentration was 
found to increase with time. This observation can be explained by experimental 
start-up effects, i.e. the flow rate is so slow that the extracted lipid components 
precipitate and build up in the tube section between the reactor (11) and the first 
cold trap (13), rather than being collected in the cold trap. Secondly, there was less 
conversion to EE when the slow flow rate was used. Hence, the proportional 
amount of EE available for solubilisation in CO 2 was inferior when this slow flow 
rate was applied. 
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Figure 3. The concentration of the EE in CO 2 
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Supercritical Carbon Dioxide as a Medium for Enzymatically Catalyzed Reaction 
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The present work reports results and observations on the enzymatic synthesis of oleyl 
oleate (which is a synthetic analogue of jojoba oil) in supercritical carbon dioxide. Special 
stress was laid on the comparison between batch and continuous systems for the above 
mentioned synthesis. Influence of different reaction parameters on the reaction yield and initial 
reaction rates was studied. 


1. INTRODUCTION 

After initial findings that some enzymes were active and stable in SCF's [1,2], several other 
studies on enzyme catalysis in SCF's have been carried out. The majority of systems explored 
to date have used model reactions [3,4] of which only a few show a possibility for practical 
and commercial purposes [5], 

The enzymatic esterification of oleic acid and oleyl alcohol to obtain oleyl oleate, which is a 
synthetic analogue of jojoba oil, was studied. The reaction was catalyzed by a commercially 
available immobilized lipase from Rhizomucor miehei. As solvents, carbon dioxide and liquid 
n-butane were used. Reactions were performed in a batch and in continuously operating high 
pressure reactors. 

Investigations were oriented towards the comparison between a batch and continuous 
system at supercritical conditions. Reaction yields in both systems as well as initial reaction 
rates in the batch system were observed. Reactions were carried out at different reaction 
conditions and the influence of reaction parameters on the yield and initial reaction rates was 
studied. 


2. MATERIALS AND METHODS 
2.1. Reagents 

Enzyme preparation. The enzyme preparation Lipozyme IM, which is a Rhizomucor 
miehei lipase, immobilized on a macroporous anion exchange resin, was kindly donated from 
NOVO Nordisk AS (Copenhagen, Denmark). 

Lipase activity. Lipase activity was measured by NOVO Nordisk AS. The activity of 
Lipozyme used for syntheses was: 
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• 45 BlU/g in the high pressure batch reactor and 

• 49 BlU/g in the high pressure continuous reactor. 

Chemicals. Oleyl alcohol (85%) was supplied by Aldrich Chemical Co. (Milwaukee, WI) 
and oleic acid (extra pure) was purchased from Merck (Darmstadt, Germany). All other 
chemicals were from Kemika (Zagreb, Croatia). Carbon dioxide was 99.97% volume pure and 
was supplied by Linde Plin (Linde, Celje, Slovenia). 

2.2.Procedure 

Analytical method. For quantitative determination of the oleic acid amount in the reaction 
mixture a volumetric method was used and qualitative analysis of the product was done with 
IR spectroscopy. 

Reaction performance. Supercritical carbon dioxide was used as a reaction media for the 
enzymatic synthesis of oleyl oleate directly from oleic acid and oleyl alcohol. Reaction was 
catalyzed by immobilized lipase from Rhizomucor miehei- Lipozyme IM. Reactions were 
carried out in the high pressure batch and continuous reactor. 

High pressure batch stirred tank reactor. Substrates (equimolar solution of oleic acid and 
oleyl alcohol) were filled into thermostated autoclave and mixed. Enzyme preparation was 
added and finally CO 2 was pumped with a high pressure pump up to desired pressure. Reactor 
volume was 0.5 L (P max = 450 bar, T max = 200°C) (Figure 1). 



Figure 1. Design of experimental batch apparatus for synthesis of oleyl oleate under 

supercritical conditions. 


High pressure continuously operated reactor. The design of the continuously operated 
apparatus is shown in Figure 2. An air operated high pressure pump delivered C0 2 in the 
system. The gaseous fluid was dried when passing through columns packed with molecular 
sieves. The flow rate of C0 2 was 1.0 L per min. Equimolar solution of substrates (oleic acid 
and oleyl alcohol) was pumped into the system with an HPLC pump. Carbon dioxide and 
substrates were equilibrated in the saturation column. The reaction was performed in a 
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continuously operated fixed-bed reactor packed with Lipozyme. Supercritical C0 2 was 
depressurized through the expansion valves to the separators. The gaseous C0 2 phase left the 
system after flow rate measurement through a rotameter or could be recycled on a large scale 
unit. 



Figure 2. Design of continuously operating experimental apparatus for the synthesis of oleyl 
oleate under supercritical conditions: 1-substrates, 2-saturation column, 3-enzymatic reactor, 
4, 5-separators, P-high pressure pump, Pi-presssure indicator, T-temperature indicator, 

H-heat exchanger. 


3. PRESSURE AND TEMPERATURE INFLUENCE 


3.1. High pressure operated batch stirred tank reactor 

Equilibrium conversion is not affected much by pressure. The highest values in the 
temperature range between 40°C and 80°C are at the pressure of 80 bar (Table 1). With 
higher pressure conversion slightly decreases. 

Table 1 

Equilibrium conversion (in %) in the high pressure batch operated reactor as a function of 
temperature and pressure 



80 bar 

150 bar 

200 bar 

300 bar 

450 bar 

40°C 

84 

83 

83 

80 

80 

50°C 

90 

86 

84 

83 

81 

60°C 

87 

88 

84 

83 

82 

70°C 

86 

84 

76 

77 

77 

80°C 

86 

76 

76 

75 

71 
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Initial reaction rates at temperatures from 40°C to 60°C increase when the pressure is 
increased from 80 bar to 300 bar, and decrease with higher pressure (Figure 3). Probably, at 
lower pressure the adsorption of the ester to the enzyme takes place, causing inhibition of the 
enzyme. Solubility of the ester increases with higher pressure, so SC C0 2 flushes away the 
ester from the enzyme and activity of the enzyme increases. The same explanation was found 
in lit. [6], On the other hand, at high pressure too much water may be extracted from the 
biocatalyst resulting in lower reaction yields [7], 

At higher temperatures (70°C and 80°C) maximal initial rates are at 200 bar and with 
higher pressure they decrease. 

Temperature influence at pressures from 80 bar to 300 bar was the same as at atmospheric 
pressure. Optimal temperature for esterification was 50°C. The enzyme is less active below 
and above this temperature. 



80 (bar) 


temperature (°C) 




00 

9 

N 


temperature (°C) 


Figure 3. Initial reaction rates in a BSTR as a function of pressure and temperature. 
(Rotational speed was 600 rpm, enzyme/substrate ratio was 0.04 g/g.) 


3.2. High pressure continuously operated reactor 

Experiments at different temperature and pressure combinations showed that the greatest 
activity of Lipozyme is at pressures near the critical value and decreases with higher pressure 
(Figure 4). The highest conversion was at 60°C and 80 bar. At temperatures above the critical 
point of C0 2 , there is a strong pressure influence on the conversion, e g. at 50°C conversion 
decreases from 45% at 80 bar to 15% at 150 bar. There is no strong influence of the pressure 
on the conversion at temperatures below T c of C0 2 . At 20°C and 30°C, decrease in 
conversion between 80 bar and 150 bar is only some percent. At subcntical pressure of C0 2 , 
reaction yields are lower probably due to lower diffusivity and higher viscosity of substrates - 
liquid C0 2 mixture. With the increase of temperature from 35°C to 60°C the enzyme activity 
rises in the same way as in the same system at atmospheric pressure [8]. 
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Figure 4. Conversion as a function of temperature and pressure in a high pressure continuous 
reactor (flow rate of C0 2 was 1 L/min). 


4. REACTION PERFORMANCE IN n-BUTANE 
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Figure 5. Percent conversion vs. reaction time for continuous synthesis 
of oleyl oleate in n-butane 
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Solubility of fatty acid compounds in n-butane are higher than in SC C0 2 . Therefore test 
reactions at 150 bar and 40°C were performed in n-butane. The flow of the gas was 0.5 and 1 
L per min. The results showed that Lipozyme loses its activity in this media. The conversion 
continuously decreases from 50% at the beginning to 22% after 300 min of the reaction 
operation (Figure 5). 


5.CONCLUSION 

There is considerable difference in the system behavior at high pressure batch and 
continuous performance. In the continuous system the decrease in conversion between 80 bar 
and 150 bar is about 30% at 50°C and not only some percent as in the batch system. The 
difference may be that in the continuous system at high pressure the water is removed from the 
enzyme and in the batch system, although it is solubilized in SC C0 2 , it remains in the system 
and the activity of the lipase only slightly decreases. 

• In the batch system pressure influence on initial reaction rates is different at lower and at 
higher temperatures. 

• In the continuous system the extraction of water from enzyme beads is an overriding 
process at higher pressures. 

• Because of enzyme deactivation in n-butane, SC C0 2 is a properer reaction media than n- 
butane. 

To confirm our findings about the system behavior at the batch and continuous 
performance further investigations will be conducted. 
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Synthesis of A^A^Dimethylformamide by Heterogeneous Catalytic Hydrogenation 
of Supercritical Carbon Dioxide 
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Sol-gel derived hybrid materials are used as heterogeneous catalysts for the synthesis of N,N- 
dimethylformamide (dmf) using scC0 2 as both solvent and reactant. Results are compared to 
conventional homogeneous and heterogeneous catalysts. The turnover numbers exceed those 
reported so far for dmf synthesis by heterogeneous catalytic routes by more than three orders of 
magnitude. 


1. INTRODUCTION 


In recent years, researchers have become increasingly interested in the use of carbon dioxide 
as a source of carbon because of its ideal properties as a C,-unit in future chemistry[l-3]. The 
three most important advantages are its abundancy, low cost and non-toxicity. Supercritical 
carbon dioxide (scC0 2 ) has also been considered as an ideal apolar solvent for chemical reactions 
due to its increased diffusion rates and reactant solubilities, and to its easy product separation 
compared to conventional solvents [4-7]. 

As potential and valuable chemicals, alcohols, hydrocarbons and amines have been 
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Figure 1. Incorporation of RuChjPPhjfCHjbSiCOEt),}, into a silica matrix. 
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investigated [8]. The homogeneous catalytic formation of N,./V-dimethylformamide from carbon 
dioxide in liquid solvents has also been reported, but yields remained unsatisfactory. Recently it 
has been shown that the use of supercritical carbon dioxide as both reaction medium and reactant 
offers an efficient way for the homogeneous catalytic synthesis of dmf from C0 2 [1,9]. The main 
technical disadvantage of this method is the use of homogeneous catalysts, which prevents easy 
separation of the desired product. 

In this study we report a heterogeneous catalytic route for the synthesis of dmf from C0 2 , H 2 
and dimethylamine (dma) under supercritical conditions, employing sol-gel derived hybrid 
materials as catalysts. Highly active and stable catalysts can be produced by incorporation of 
specially tailored silylether complexes within a porous silica network, thus providing access to 
the catalytically active centres [10], The highest turnover numbers achieved with these catalysts 
are more than three orders of magnitude higher than that reported so far for heterogeneous 
catalyzed dmf synthesis [11, 12], The fixed complexes are usually more stable against oxygen and 
water than their free analogues. Figure 1 illustrates the gelation process for silica modified with 
RuCl 2 { PPh 2 (CH 2 ) 2 Si(OEt) 3 ) 3 . 

2. EXPERIMENTAL SECTION 

The complexes cis-/tra«s-PdCl 2 {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 2 , cj's-PtCl 2 {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 2 , 
RhCl[PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 , and IrCl{PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 , used as homogeneous catalysts, 
were obtained from PdCl 2 (COD), PtCl 2 (COD), [RhCl(COD)] 2 , and [IrCl(COD)] 2 , by ligand 
exchange reaction with PPh 2 (CH 2 ) 2 Si(OEt) 3 . Since this route failed in case of ruthenium, these 
complexes were prepared from RuC1 3 xH 2 0 and PPh 2 (CH 2 ) 2 Si(OEt) 3 , using NaBH 4 as reductant. 

Silica matrix stabilized transition metal complexes were prepared following a method of 
Schubert et al. [13], The silylether complex and the calculated amount of tetraethoxysilane were 
dissolved in acetone under argon. A sevenfold excess of 2.8 n orthophosphoric or acetic acid was 
added, after which the solution was moderately stirred for 24 h. Then a continuous argon flow 
was passed through the flask for 3 d, evaporating the acetone. The resulting glassy coloured 
lumps were kept for further 4 d in an open beaker. The lumps were crushed, washed thoroughly 
with water and acetone, and finally dried for 6 h at 0.1 Torr. Undestructed incorporation of the 
complexes into the matrix was confirmed by 3I P NMR spectroscopy of both liquid precursors and 
solid catalysts. 


3. RESULTS AND DISCUSSION 
3.1. Catalyst screening 

Several group(VIH) metal complexes were screened as potential homogeneous catalysts for 
the synthesis of dmf from scC0 2 . Table 1 summarizes the results of the catalytic tests carried out 
with these complexes. Note that reaction parameters were varied sometimes, to find suitable 
reaction conditions. Under the conditions used carbon dioxide and hydrogen are expected to be 
in the supercritical region, whereas dma, dmf and water are in liquid state. Jessop et al. [14] 
found swelling of the liquid dimethylamine phase by dissolved CO, thus providing high local 
concentrations of educts. 
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Table 1. Screening of potential catalysts for the production of A,yV-dimethylformamide f r0 m 
dimethylamine, hydrogen and carbon dioxide_ 


Catalyst 


dmf 

Yield (%) 



TON “ 

TOF/h" 1 * 

dmf 

tma c 

mf 

RuCl 3 NO(PEt) 3 

4633 

265 

62 

0.1 

- 

m-RuCl 2 (CO) 2 {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 2 

452 

30 

3 

0.1 

- 

ci.v-RuCl 2 (CO) 2 (PPh,) 2 

298 

24 

2 

2 

- 

RuCl 2 (PPh 3 ) 3 

5186 

343 

84 

- 

- 

RuC 1 2 { PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 

5088 

356 

96 

- 

- 

tranj-PdCl 2 (PEt 3 ) 2 * 

496 

38 

9 

- 

- 

Pd(PPh 3 ) 4 

132 

9 

2 

- 

- 

RhCl(PPh 3 ) 3 

143 

10 

2 

4 

- 

Rh(CO)Cl(PPh 3 ) 2 * 

519 

39 

7 

- 

- 

Ir(CO)Cl(PPh 3 ) 2 * 

11 

1 

2 

- 

- 

Co 3 (CO) l2 * 

21 

1 

0.3 

2 

- 

Re(NO)(CO)Cl 2 { PPh 2 (CH 2 ) 2 Si(OEt) 3 } 2 

[15] 79 

6 

2 

0.4 

- 

RuC1 3 xH 2 0 * e 

1208 

72 

94 

- 

- 

ZnCl 2 * e 

15 

1 

1 

- 

- 

PdCl 2 * c 

34 

3 

2 

- 

- 

PtCl 2 * f 

65 

4 

4 

0.1 

- 

Pd/Al 2 0 3 ef 

681 

45 

59 

7 

2 

Cu0/A1 2 0 3 ef 

37 

3 

84 

3 

1 

RhCl{PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 * * 

530 

35 

4 

- 

- 

IrCl{PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 * * 

2900 

190 

23 

- 

- 

PdCl 2 { PPh 2 (CH 2 ) 2 Si(OEt) 3 } 2 * 

1410 

90 

11 

- 

- 

PtCl 2 {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 2 * 

1490 

100 

10 

0.2 

- 

RuCl, {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 * 

3234 

216 

25 

- 

- 

RuC 1 2 { PMe 2 (CH 2 ) 2 Si(OEt) 3 } 3 * 

13 670 

900 

94 

- 

- 


110850 

1860 

82 

- 

- 


Reactions were carried out in a 500 cm 3 stainless steel autoclave agitated by a magnetically coupled 
suspension stirrer. The products were analysed by gas chromatography. Reaction conditions: n[catalyst] 
= 5 • 1 0 5 mol (expressed as amount of group(VE) metal), n[Me 2 NH] = 0.28 mol, p[H 2 ] = 8.5 MPa, p[C0 2 ] 
= 13.0 MPa, T = 386 K, t » 15 h, stirring rate = 1000 min'. ” TON = mol dmf (mol catalyst) '. h TOF = 
TON/h. ‘ tma = trimethylamine. d mf = A-methylformamide. ' rc[catalyst] = 2- 1 0 J mol. 1 T = 463 K. * 
n[Me,NH] = 0.7 mol, p[ HJ = 8.5 MPa, p[C0 2 ] = 13.0 MPa, T = 373 K, t = 15 h, stirring rate = 300 min' 1 , 
n [catalyst] = 5-10 5 mol. * n[Me 2 NH] = 6.4 mol, T = 406 K, t = 60 h, stirring rate = 500 min" 1 , ^[catalyst] 
= 1.8-10 5 mol.* = decomposition under reaction conditions. 
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The main product observed was generally dmf (Table 1). Some complexes exhibited also 
activity in trimethylamine production, which is a thermodynamically favoured disproportion 
product of dimethylamine at higher temperatures. 

Me 2 NH + Me 2 NH * Me 3 N + MeNH 2 

For low catalytic conversions a white precipitate was obtained, melting at room temperature. 
It could be identified as dimethylammonium W,A-dimethylcarbamate [14], formed reversibly in 
a temperature and pressure dependent side reaction of dimethylamine and carbon dioxide. Under 
GC conditions this carbamate decomposes to amine and carbon dioxide. 

C0 2 + 2 Me 2 NH - [Me 2 NH 2 ][Me 2 NCOO] 

The ruthenium complexes with different patterns of chlorine and phosphine ligands proved 
to be most active. The complex RuCl 2 {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 with silylether phosphine ligands 
exhibited the same activity as the corresponding triphenylphosphine complex. In comparison, 
activity dropped significantly for RuCl 2 (CO) 2 (PPh 3 ) 2 and RuCl 2 (CO) 2 {PPh 2 (CH 2 ) 2 Si(OEt ) 3 }2 with 
stabilizing CO ligands. However, these complexes were the only ruthenium complexes, stable 
enough to be stored in air for a long time. So stability and reactivity showed an antagonistic 
behaviour. RuCl 3 NO(PEt) 3 has special properties in this series of ruthenium complexes. On the 
one hand it is stabilized by a NO ligand, that limits its activity, on the other hand its high 
solubility in n-hexane, known to be similar to scC0 2 , is expected to increase the catalytic activity. 
The poisoning effect of CO in this reaction is supported by the poor results obtained with the 
iridium, rhodium, cobalt, and rhenium carbonyl complexes. Since many of the compounds 
decomposed during the reaction, leading to metal depositions on the reactor wall, it was not 
possible to judge unequivocally if low conversions were due to the intrinsic properties of the 
complexes or to fast decomposition. 

In addition to the homogeneous metal complexes, some group(VIH) metal chlorides and 
alumina supported group(VIH) metals were tested for dmf synthesis. Among the metal salts 
investigated, RuCl 3 xH 2 0 proved to be most promising, showing high activity and only little 
metal deposition on the reactor wall. In contrast, palladium, platinum and zinc chloride exhibited 
low activity, possibly due to severe decomposition. 

Another interesting result is the high yield reached with palladium on alumina. Beside the 
desired product dmf, trimethylamine, A-methylformamide and traces of A,A-dimethylurea were 
identified by GC-MS. The utilization of such a stable and disposable catalyst could be interesting 
for developing the solvent-free hydrogenation of carbon dioxide on an industrial scale. 

3.2. Test of sol-gel catalysts 

All sol-gel derived catalysts were stable under reaction conditions, except the rhodium and 
iridium catalysts, whose colour changed significantly during reaction. The catalysts could easily 
be separated from the reaction mixture by simple filtration. The filtrated liquid product, that flew 
out colourless, exhibited no further catalytic activity. GC analysis of the liquid phase indicated 
the production of dmf with 100% selectivity in all cases, except for the platinum containing 
catalyst (Table 1). 

The catalytic activity, expressed as turnover frequency (TOF), increases in the order 
Rh<Pd,Pt<Ir<Ru. The ruthenium catalyst with methylphosphine instead of phenylphosphine 
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ligands exhibited the highest activity; a turnover number (TON) of 110 850 with a selectivity to 
dmf of 100% was reached. This behaviour can probably be attributed to the structural and 
electronical similarity of its ligand sphere to RuCl 2 (PMe 3 ) 4 , the highest active homogeneous 
catalyst for this reaction reported so far [9]. 

3.3. Parametric sensitivity 

For optimization of the reaction conditions several reaction parameters were varied, using a 
catalyst made of RuCl 2 {PPh 2 (CH 2 ) 2 Si(OEt) 3 } 3 and tetraethoxysilane in a ratio of 1:50. The 
temperature dependence described by the Arrhenius-equation indicated an activation energy of 
70 kJ mol' 1 . The suitable temperature range of the reaction is between 370 and 400 K. The upper 
temperature limit is given by the thermal stability of the catalyst. No significant dependence of 
the reaction rate on the stirring frequency was observed in the frequency range 100 - 500 min' 1 . 
Furthermore, the rate increased linearly with increasing amount of catalyst, indicating that the 
observed rate was not disguised by mass transfer phenomena. Carbon dioxide pressure had only 
a marginal effect on rate in the partial pressure range 3-18 MPa, indicating a zeroth order 
dependence. 


4. CONCLUSION 

Among a series of group(VIII) metal complexes, ruthenium compounds proved to be most 
active for the homogeneous catalytic synthesis of dmf from C0 2 , H 2 and dimethylamine. Most 
of the other complexes tested suffered from low catalytic activities and decomposition under 
reaction conditions. In contrast, a heterogeneous palladium on alumina catalyst was stable but 
exhibited markedly lower activity. Optimum results could be obtained with new sol-gel derived 
hybrid materials, which combine the high activity of the homogeneous complex with the stability 
of heterogeneous catalysts. Among these catalysts, ruthenium containing silica gels exhibited the 
highest activities for the production of dmf with TON’S up to 110 850. 
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KrF excimer laser-induced reactions in the mixture of hydrocarbon/0 2 /C0 2 under sub- and 
super-critical conditions were investigated. In the ethylene mixtures, the main products were 
ethylene oxide and acetaldehyde. The total quantum yield decreased with the increase of 
mixture density, but the branching ratio between the two products were almost independent 
on the density. The branching ratio was found to be what is expected if the reactive species is 
0( 3 P). The reaction for other hydrocarbons including ethane and cyclohexane is also discussed. 


1. INTRODUCTION 

In our previous research [1], it was found that relatively large amounts of oxidized products 
were obtained when a mixture of ethane (C 2 H 6 )/0 2 was photolysed with KrF excimer laser 
light at 30-40 °C at pressures close to the supercritical one, in spite of the fact that both C 2 H 6 
and 0 2 do not abosorb the KrF excimer laser light under ordinary pressures. At that time, the 
mechanism of the 248 nm light absorption was not clarified. Later we studied the effect of 
pressurized foreign gases on the photoabsorption of 0 2 in the 230-280 nm wavelength range 
[2], The photoabsorption by 0 2 in the mixtures with CyJe, C0 2 and various other gases was 
found to increase considerably with cross sections proportional to the number density of the 
foreign gases. It was concluded that the mechanism of the absorption augmentation is the 
collision-induced relaxation of the selection rule for the dipole-forbidden Herzberg III system 
( A' 3 A u - X 3 Z g '). In the neighborhood of supercritical point, light scattering also contributes to 
decrease the transmitted light intensity. This scattering, in some cases, might be useful in order 
to lengthen the effective absorption path length which is important for complete absorption of 
photon. 

On the other hand, it is interesting to use the supercritical C0 2 as an alternative solvent for 
various photochemical reactions, particularly for photo-initiated oxidation reactions, due to the 
non-ignitability of C0 2 . Thus we are studying photo-induced oxidation reactions of ternary 
mixtures of hydrocarbon/0 2 /C0 2 . Partially oxidized products have been found to be produced 
in the case of C 2 H 6 , ethylene (C 2 H 4 ) and cyclohexane (C 6 H 12 ) which have been studied so far. 
The present paper mainly reports the case of C 2 H 4 in order to understand the behavior of 
typical olefinic hydrocarbons which are expected to trap some active species during the 
reaction. 
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2. EXPERIMENTAL 

The experimental apparatus is shown in Fig. 1. The reaction cell consists of a stainless-steel 
cylinder (length, 31 mm; inner diameter, 16 mm) with quartz windows at both ends for light 
introduction. After evacuating the cell, C 2 FL| and 0 2 were introduced into the reactor to an 
individual fixed pressure (typically, C 2 H|, 20 atm; 0 2 , 6 atm), followed by the addition of C0 2 
up to the reaction pressure. The contents were mixed with a magnetic stirrer inside of the cell 
for 5 min., and then a KrF (at 248 nm) excimer laser (Lambda Physik Lextra 100) was used to 
irradiate the mixture at 10 Hz for a desired period (5 - 60 min.), with keeping the stirring of the 
contents all through the irradiation. The reaction cell was placed in a constant temperature 
bath (typically, 308 K). After the irradiation of a desired period, the contents were expanded 
into a container at 1 atm for quantitative analysis by gas chromatography. 

Photoabsorption measurements were also performed using a deuterium lamp (Hamamatsu 
Photonics L544) as a light source. The transmitted light was resolved by a monochromator 
(Nikon P-250) and detected by a photomultiplier (Hamamatsu Photonics R928). 

The PVT relation of the mixture was estimated using the modified BWR equation with 
appropriate parameters. The estimated critical parameters for the C 2 H 4 (20 atm)/0 2 (6 
amt)/C0 2 is: T c = 296.0 K, P c = 71.0 bar, and p c = 10.4 mol/1 (0.44g/cm 3 ). 



co, 


Figure 1. Experimental apparatus 

3. RESULTS AND DISCUSSION 
3.1. Products 

Ethylene oxide (C 2 H 4 0) and acetaldehyde (CH 3 CHO) were found as main products. CO 
was also detected. Figure 2 shows the time dependence of these three products. The yield of 
C 2 H 4 0 increases linearly with time, which indicates that C 2 H 4 0 does not react to any 
appreciable extent through secondary reactions or subsequent photolysis. The yield of 
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Figure 2. Yield of C 2 H 4 0(O), CH 3 CHO(D) and CO(O) vs. irradiation time 
at 40 mJ under 65 atm. 

CH 3 CHO, however, shows a tendency to become flat upon the continuation of the irradiation, 
and CO has a certain initial time delay. The concerted behavior of these products strongly 
suggests that the primarily produced CH 3 CHO is photolysed further upon the continuation of 
irradiation and CO is one of the main products, i.e., 

C 2 H 4 -» CH 3 CHO —> CO + other products. (1) 

The other products may contain CH 4 , whose quantitative analysis, however, was not 
performed. The same secondary photolysis was found to proceed in the irradiation of the 
C 2 F 4 /O 2 mixtures as reported before [ 1 ], 

By extrapolating the obtained fraction of CH 3 CHO against the sum of C 2 H 4 0 and CH 3 CHO 
as a function of the irradiation time, the fraction at the beginning of the irradiation was 
determined. Eventually, it was 0.56±0.06 in the case shown in Fig. 2. The dependence of the 
fraction against the pressure or density will be shown later. 

3.2. Product yield against the density 

The total yield of C 2 H 4 0 and CH 3 CHO obtained at the 5 min. irradiation time is plotted 
against the mixture density in Fig. 3. The absorbance of the mixture was also measured and 
plotted in the same figure. The photoabsorption is considered to be mainly due to the partially 
allowed Herzberg III absorption due to 0 2 itself, C 2 H 4 and C0 2 according to the previous 
research [2], However, the observed absorbance in the higher density region was larger by 2 
to 3 times than what is estimated according to the following equation 
a toiai — Oo+Oi0 2 + OiC0 2 + 0 )C 2 H 4 , (2) 

using the a coefficients obtained in the previous research [2], This may be mainly ascribed to 
the increased scattering of the mixture, which gives us some difficulty to precisely estimate the 
number of absorbed photons in the reaction cell. However, for simplicity, we estimated the 
quantum yield of the sum of C 2 H 4 0 and CH 3 CHO, assuming that the observed absorbance 
precisely corresponds to the real absorption. The quantum yield estimated as above is also 
shown in Fig. 3 by a dashed line. 
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Figure 3. The total yield (O), absorbance (♦) Figure 4. Fraction of CH 3 CHO (#)vs. mix- 
and quantum yield(—) vs. mixture density. mixture density. The fraction extrapolated to 

time = 0 is also shown (—). The fraction for 
0( 3 P) reaction (O) is also shown [7], 

The quantum yield has a tendency to decrease with the increase of the density, which shows 
that some relevant intermediate species are quenched and/or diffusion-limited under higher 
densities. 

3.3. Fraction of CH 3 CHO against the density 

The fraction of CH 3 CHO against the sum of CH 3 CHO and C 2 H 4 O obtained at the 5 min. 
irradiation time is plotted against the mixture density in Fig. 4. The above fraction is slightly 
smaller than the value at the beginning of the irradiation. The initial fraction estimated as 
explained in 3.1. is also drawn by a dashed line in the figure. 

3.4. Reaction mechanism 

We have already suggested that the initial excited species under the KrF excimer laser 
irradiation is 0 2 in its A' state due to the absorption augmentation. The reactivity of 0 2 ’ (A 1 
A u ) is, however, not known. Some possible subsequent processes in the present mixtures are: 


Oj' + Oj -> 0( 3 P) + 0 3 (3) 

—> quenching (4) 

0 2 + C 2 H 4 —» reaction (5) 

—» quenching ( 6 ) 

0 2 + C0 2 —» quenching (7) 


The reaction (3) is considered to proceed, consulting the recent observation of the 0 3 
production at 248 nm irradiation [3-5] and subsequent discussions for the mechanism. It is 
stated that vibrationally excited 0 2 can react with 0 2 to yield O + 0 3 and that 0 2 (A’ 3 A U ) 
may easily convert to vibrationally excited 0 2 and vice versa. At the same time, if 0 2 
molecules keep some energy even after the quenching (4) until at the next laser pulse, they 
may be photo-dissociated to yield 0( 3 P). 
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The product of the 0( 3 P) reaction with C 2 H 4 at relatively high pressure and/or in liquid phase 
is C2H4O and CH 3 CHO [6,7], The similarity of the products between the 0(^P) reaction and 
the present reaction is worthy to note. The fraction of CH3CHO from the 0( P) reaction with 
C2H4 measured under the pressurized N 2 [7] is compared with that of the present experiment in 
Fig. 4. The fraction from the two reaction systems is quite similar. We suspect that 0( 3 P) is 
produced in the present system, and that it subsequently reacts with C 2 H 4 . Some part of the 
0 3 produced from the reaction (3) may be photolysed with subsequent laser pulses to yield 
O('D), which should be quenched instantaneously to 0( 3 P). Some part of 0 3 can also react 
directly with C 2 H 4 [8], whose products are not known in the present mixtures. We do also not 
know what kind of products are expected from the reaction of 0 2 (A’ 3 A U ) with C 2 H 4> if it 
proceeds. 

According to the above discussion, 0( 3 P) is one of the most plausible oxidants in the present 
mixture. The decrease of the quantum yield with the increase of the mixture density can be 
ascribed to the increase of the contribution of quenching processes. 

3.5. Other hydrocabons 

Experiment was also conducted for €2!^ and C 6 H,2 in place of C 2 H 4 . In the case of C 2 H<;, 
main products were CH3CHO and ethanol, which were the same in the previous oxidation 
reaction in the C 2 H 6 /02 mixtures [ 1 ], In the case of C 6 H 12 , the main products were 
cyclohexanone and cyclohexanol. These products are considered to be produced via certain 
radical reactions which are derived by the excited oxygen molecules and/or oxygen atoms. 

4. CONCLUSION 

The main products from the mixture of C 2 H 4 /0 2 /C0 2 irradiated by a KrF excimer laser are 
C 2 H 4 0 and CH 3 CHO under pressurized conditions. The primary absorption of the laser light 
produces 0 2 (A' 3 A U ), while the ratio of the reaction products suggests the principal 
contribution of 0( 3 P) as the real oxidant. 
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1. INTRODUCTION 

Enzymatic reactions in non-aqueous solvents are subjected to a wide interest. A particular 
class of these solvents is the supercritical fluid (1) such as carbon dioxide that has many 
advantages over classical organic solvents or water: no toxicity, no flammability, critical 
pressure 7.38 Mpa and temperature 31°C, and allowing high mass transfer and diffusion rates 
Several authors have shown the stability and the catalytic activity of enzymes in supercritical 
carbon dioxide (SC C0 2 ) [2 to 25], Some authors [14,17,18] have shown the difference of 
activity of enzyme in SC C0 2 and in organic solvent. 

The intrinsic catalytic properties of enzymes are modified either during immobilization or 
after they were immobilized [25-27], In heterogeneous catalysis such as is carried out by 
immobilized enzymes, the rate of reaction is determined not simply by pH, temperature and 
substrate solution, but by the rates of proton, heat and substrate transport, through the support 
matrix to the immobilized enzyme. In order to estimate this last phenomenon, we have studied 
the internal mass transfer limitation both in hexane and in SC C0 2 , with different enzymatic 
support sizes. 

2. MATERIAL AND METHODS 

Myristic acid was purchased from Sigma (St Louis, MO) and ethanol (99.85 %) from 
Prolabo (France). Ultra pure carbon dioxide (99.995 %) was purchased from Airgaz (France). 
The lipase (E C. 3.1.1.3.) was a commercial enzyme from Mucor miehei kindly supplied by 
Novo Nordisk (Denmark). This lipase (Lipozyme TM) is immobilized on Duolite A568 (Rohm 
and Hass) The resin particles have a size comprised between 300 to 600 pm. In order to see if 
a phenomenon of internal mass transfer occurs during the enzymatic esterification, we sieved 
the support into different size series. The average granulometry was determined by Coulzer 
Sizer method (Table 1). 

Table I 

Nitrogen content of the enzymatic support 


Support series (pm) 0-200 200-250 250-300 300-400 400-500 

Average size (pm) 181 212 239 310 396 

% (N/CHN) 11.93 11.96 12.05 11.93 11 
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2.1. Supercritical fluid reactor (Figure 1) 

Before each experiment, the jacketed stainless steel (Top Industrie, Dommarie-Les-Lys, 
France) reactor is opened. A precise amount of substrates and water (Table 2) are introduced 
within the reactor. After sealing, pressurization is achieved by pumping liquid carbon dioxide 
(Minipump, Dosapro-Milton Roy, Pont-St-Pierre, France) to the desired final pressure (12.5 
MPa). The reactor is then isolated from the CO 2 circuit. Then 20 mg of lipozyme TM of 
various diameter distributions (Table 1) is introduced in the reactor with an original system, 
giving the zero time of the reaction and the stirring is switched on. A 6-way HPLC valve 
(Rheodyne 7125) permits to withdrawn 50 pi samples for analysis without depressurization. 



2.2. Two liquid-phase reactor 

The reaction was carried out in a glass with a round bottom, in order to prevent the 
enzyme support attrition, filled with 100 ml n-hexane, in which substrates, water and enzyme 
were added. The reaction mixture is incubated and agitated with magnetic stirring. 

2.3. Experimental reaction conditions 

Hexane and SC CO 2 experiments were performed in a batch mode reactor (100 cm 3 ). In 
both cases, added enzyme and substrate quantities, reaction volume and temperature were 
similar as shown in table 2. 

Table 2 


Experimental conditions in hexane and SC CO 2 cases 



Hexane 


sc co 2 



(a) 

(b) 

[Myristic acid] (mM) 

4 

4 

10 

[Ethanol] (mM) 

8 

8 

100 

[Water] (mM) 

1.1 

44 

44 

Lipozyme TM (mg) 

20 

20 

20 

Temperature (K) 

323 

323 

323 

Pressure (Mpa) 

0.1 

12.5 

12.5 

Stirring (rpm) 

1000 

300 

300 
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Only the quantities of water introduce in both solvents are not similar, because the water is 
necessary for the active enzyme conformation and not for the reaction. The water effect was 
studied elsewhere [13,14], 

From these measurements, the conversion rate was determined from the ratio between 
ethyl myristate production and myristic acid feed. Then the inital velocity was graphically 
measured. 


2.5. Analytical method 

The samples were analysed by capillary gas chromatography GC 6000 (Carlo Erba) with 
FFAP-CB phase (Chrompack) that is special for free fatty acid analysis. The FrD temperature 
was 235°C, the injector was an on-column system and the oven gradient was 40°C during 2 
min, then increasing to 210°C at 45°C/min. The injected quantity was 2|il with no dilution. 


2.6. Enzyme content 

We have formulated the hypothesis that the enzyme content of the different particle series 
is the same. In order to verify this hypothesis, the elementar analysis was realised for the 
different support sizes. As shown in table 1, the enzyme content measured as nitrogen is 
identical, this equality was verified mathematically by the Student’s law. 

2.7. Effect of stirring on the reaction rate 

By varying the speed of the stirrer from 200 to 500 rpm no efifct on the reaction velocities is 
observed in SC CO 2 or in n-hexane. However, without stirring, the reaction velocities decrease 
6 % and 13 % respectively. All further SC C0 2 studies are performed at 300 rpm. So, no 
external diffusion limitation can be assumed ; however, internal diffusion limitations may 
happen, as discussed in the following section. 


3. THE GENERALIZED THIELE MODULUS 


Froment [29] et all have shown that the mass balance on a pellet should be written as: 
' 1 = lJe,[e D<S ' )r<S ' )dS '] 2 <’> 


The generalized Thiele modulus is defined by : q =- (2) 

<Pg 

This concept should be applied to a Michaelis-Menten kinetic [30] 

1 (3) 


,2 _ L : VLxSc 2 1 


2 (k m +Sc) : D 


S e + Km - Ln 


Se + K„ 

Km 


*°“ 2 *(l + P,lP.-Ln(l+P.) 


(4) 


with [3 = 


K n 


According to the result presented by J M. Engasser [29], we have plotted q(<t> G ) versus 
(j) for several values of [3 C . 

Dumont demonstrated [14] that the esterification of myristic acid by ethanol has shown 
to follow Ping Pong Bi Bi kinetics with competitive substrate inhibition by ethanol : 
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_ V„AB _ 

AB + Kn* A + K^BO + B / Ki) 


(5) 


In this case, it can be demonstrated, if one molecule has a higher diffusion coefficient, that 
modelisation should be realized as a single molecular reaction with a Michaelis-Menten 
mechanism : ethanol diffusion coefficient is higher than that of myristic acid in solution. 


r ( S e) = r l r (Se) (6) 


r(s e )=kS e (7) 


with r) = 


3 <t> G cot g(3 <(> G ) - 1 
3(L 


( 8 ) 



(9) 



( 10 ) 


andD’ = f(pe).D (11) with f(p e ) = 2-!y^(p e - Ln(l+P e ) (12) 

The apparent diffusion coefficient D’ is determined by minimizing the difference between 
the experimental and the calculated apparent velocity versus dp 16. Then we have to determine 
two parameters: K m and V ma *. Vmax does not depend on the particule size so these two 
parameters are determined by studying the influence of myristic acid concentration on apparent 
velocity. 


r(Se) = flr(Sc) - ti 


Vm«S e 
Km+ S e 


(13) 



E 1 
(l + Pe ) 2 Pe-Ln(l+Pj 


(14) 


4. RESULTS AND DISCUSSION 

The experimental results are summarized in table 3 and 4 for the two reaction media. In 
the case of SC C0 2 we can study the concentration effect of ethanol on the diffusion 
coefficient: it is twice smaller in (a) than in (b). It has been shown that ethanol added to SC 
C0 2 should contribute to increase a binary diffusion coefficient [30], 


Table 3 

Kinetic parameters and diffusion coefficients : comparison between hexane and C0 2 SC 


[Myristic acid] = 4mM [Myristic acid] = lOmM 

[Ethanol] = 8mM [Ethanol] = 1 OOmM 

Hexane SC C0 2 C(a) SC C0 2 (b) 


D’ (mV) 2.37.10’ 9 4.34.10' 9 10.6.10' 9 

V* raax (mmol.(s.kg)' 1 ) 13.6 3.1 10.3 

K* m 5.9 1.28 4.92 

Diffusion coefficient (m 2 .s' 1 ) 1.43.10' 9 3.01.1 O' 9 7.85.10-9 

(a), (b): see table 2 *d p =450pm. 

We can observe (Table 4) that the concentration effect on Thiele modulus is very poor. Due to 
the Thiele modulus values, we can say that in SC C0 2 an intermediate rate between the 
reactional and diffusional rates was apparent. The kinetic parameters, V max and K M , in both 
reaction media are very different: is higher in n-hexane (13.6 mmol.(s.kg.)' 1 ) than in SC 

C0 2 (3.1 mmol.(s.kg.)) so n-hexane should be a better solvent than SC C0 2 . But the myristic 
acid diffusion coefficient is lower in n-hexane than in SC C0 2 and we can observe the 
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unfavorable effect on the efficiency. The internal diffusion seems to be higher in n-hexane than 
in SC CO 2 essentially if the particle size is greater than 310 pm. 

Table 4 

Thiele modulus versus duolite particle size : comparison between hexane and CO 2 SC. 


Particule size 
(pm) 

Hexane 

Thiele Modulus 

SCC0 2 (a) 

SCC0 2 (b) 

181 

0.50 

0.20 

0.22 

212 

0.68 

0.27 

0.30 

239 

0.87 

0.35 

0.38 

310 

1.46 

0.59 

0.63 

396 

2.38 

0.96 

1.03 

464 

3.27 

1.31 

1.42 


(a), (b): see table 2. 

5. CONCLUSION 

We have demonstrated for the first time that we could apply the theory of generalized 
Thiele modulus to an enzymatic reaction both in n-hexane and SC C0 2 . The comparison 
between the two reaction media is not so clear : in n-hexane the « real » reaction velocity is 
higher than that obtained in SC C0 2 Nevertheless, the Thiele modulus values indicates a 

limitation due to the internal mass transfer rate <|>q »1. Thus we observed, in the hexane case, 
a diffusional control, while in SC C0 2 an intermediate rate between the reactional and 
difTusional rates was apparent. It therefore, seems that SC CO 2 should be the solvent of choice 
in reactions catalyzed by immobilized enzymes, since it reduces problems with internal mass 
transfer. An other advantage is that the value of the inhibition constant is 43 mM in n-hexane 
and 120 mM in SC C0 2 [14], so SC CO 2 should be more convenient if we have to work with 
higher ethanol concentration. The economic feasibility of an industrial scale lipase catalyzed 
reaction on C0 2 may depend upon possible costs for high-pressure equipment. 
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ABSTRACT 

Gels of metal oxide catalysts (NiO/A^C^ gels), prepared by the sol-gel method, are 
dried using supercritical drying to obtain aerogel catalysts as porous powder. The supercritical 
drying is carried out at two temperatures and pressures of carbon dioxide. Also, volume of the 
autoclave is varied. A factorial design is applied to the experiments and effects of the variables 
are studied using Yate’s Algorithm. Gels are also dried in air and under vacuum in order to 
compare densities of xerogels with those of aerogels. 

INTRODUCTION 

Aerogels show great promise in catalytic applications, especially due to their unique 
morphological properties (high porosity and high surface area) as well as excellent chemical 
properties (high chemical activity) which can not be easily achieved with other types of 
catalysts (1). Therefore, it is worthwhile to investigate aerogel catalyst preparation (2). 

In sol-gel process, metal alkoxide is dissolved in alcohol which can be readily 
removed from the gel matrix upon the formation. The gelation process involves hydrolysis 
and condensation reactions of metal alkoxides. Due to its unfavorable drying conditions, 
water is not used as a solvent, however, it is utilized during the hydrolysis reaction. If the 
solvent is evaporated slowly from the gel, a xerogel is obtained. During evaporation, large 
capillary forces are exerted as the liquid - vapor interface moves through the gel. These 
forces cause shrinkage of the pores within the gel. Removal of the solvent (alcohol) from 
the gel under supercritical conditions results in the formation of aerogels. Since this drying 
method eliminates liquid-vapor interfaces, aerogels are formed in the absence of capillary 
forces. Aerogels retain the morphology of the original alcogel. 

There are several methods developed for removing the solvent from the gel under 
supercritical conditions. The first one is the one suggested in the pioneering work by 
Kistler (3), in which the solvent is brought to supercritical conditions in an autoclave and 
evacuated under these conditions. In order to pressurize the autoclave to a pressure above 
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the critical value for the alcohol, more alcohol is added to the autoclave (4). Supercritical 
conditions of the solvent are reached by supplying heat to the autoclave. After the system 
pressure reaches a preselected value which is above the critical, the temperature is raised at 
constant volume. Once the temperature is above its critical value, the supercritical fluid is 
vented out of the autoclave at constant temperature (5). The P-T behavior for this 
procedure is shown as route A-B (1) in Figure 1. 



Temperature 

Figure 1. P-T Diagram for Supercritical Drying 


This method was later improved by van Lierop and co-workers (6). In this 
improved version of the method, vaporization of the solvent is completely suppressed by 
pressurizing the autoclave with an inert gas prior to heating while the subsequent heating is 
carried out batch at constant volume. Thus, the entire procedure is carried above the vapor- 
liquid interface of a Pressure-Temperature (P-T) diagram, shown as route A'-B (2) in 
Figure 1. 

Different researchers have utilized solvent exchange prior to supercritical drying. In 
this method, the solvent (alcohol) was substituted with liquid Carbon Dioxide. This method 
was applied to the production of silica aerogel by Tewari et al. and Rangarajan et al. (7, 8). 

In another method, developed by Jacobucci and co-workers (9), alcohol is removed by 
supercritical CO 2 extraction in a semi-continuous system. 
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In this present work, the objective is to develop a supercritical drying method which 
prepares aerogel catalysts with tunable physical and chemical properties. For this purpose, 
catalysts are prepared using supercritical drying and bulk densities of the catalysts are measured 
and compared with the ones of the xerogels. 

EXPERIMENTAL 

Gel Preparation: NiO/A^Og gels are prepared using the method suggested by 
Teichner and co-workers (4). Aluminum sec-Butylate is dissolved in sec-Butanol while Nickel 
Acetate is dissolved in Methanol separately. Water is added to the second mixture in near 
stoichiometric amounts necessary for the hydrolysis reactions. The two solutions are mixed 
and a precipitate of alumina is immediately formed. Gels are dried immediately after 
preparation, in order to eliminate the effect of aging (2). 

Drying of Gel: 

Supercritical Drying of the Alcohol: In this method, the system is first pressurized 
with CO 2 and C02-Alcohol mixture is brought to a supercritical condition and the 
supercritical fluid is removed slowly from the gel. The experimental set-up for this system 
is shown in Figure 2. 


Carbon 

Dioxide 


PI 



Dryer 


Figure 2. Experimental Set-up Tor Supercritical Drying of Alcohols 
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Prior to experiments, the reactor containing the gel is pressurized with CO 2 . CO 2 
feed is compressed before it is fed to the drying vessel that contains the wet gel. The 
drying vessel is an autoclave with 400cm 3 volume. In some experiments autoclave volume 
is decreased to 110cm 3 by inserting a metal block into the autoclave. After a predetermined 
pressure is reached, the autoclave is heated with the heating mantle surrounding it to a 
temperature above the critical value of the C02-Alcohol mixture. The system is kept under 
these conditions for a specified time. The supercritical fluid is then vented out of the system 
keeping the temperature of the reactor constant. At the end of the experiment, the gel is swept 
with fresh CO 2 or H 2 to remove remaining trace amounts of alcohol and water and to either 
calcine or reduce the catalyst. The system is subsequently cooled and the aerogel catalyst is 
removed. 

Air and Vacuum Drying of the Alcohols. Xerogels are prepared by air and vacuum 
drying. Air drying is performed at 110°C for 15 hours and vacuum drying is performed at 
60°C for 35 hours. 

RESULTS AND DISCUSSION 

Aerogel catalysts are obtained at different conditions of temperature, pressure and 
autoclave volume. Densities of aerogels are given in Table 1. Most important parameters 
which are expected to affect physical properties of the aerogels are temperature, pressure, 
volume of autoclave (amount of CO 2 used for pressurization of the autoclave). It is important 
to be able to produce aerogels with high surface area and porosity at low temperatures and 
pressures. In order to have an idea about the porosity of the aerogels, their bulk densities are 
measured. Bulk densities of aerogels which are produced under different drying conditions are 
similar (Table 1). All of the aerogels produced have densities an order of magnitude lower 
than that of xerogels. Xerogel densities obtained by air and vacuum drying have densities of 
0.8320 and 1.2613 g/cm 3 respectively. Pore size distribution of the catalysts should be 
investigated to show the effect of drying conditions on the characteristics of the aerogels. 

A full 2 3 factorial design was used to study the effect of drying conditions (temperature, 
pressure, autoclave volume) on the density of dry aerogel prepared by flushing the aerogel with 
hydrogen in order to reduce the catalyst. 

The effects were calculated using Yates algorithm. Table 2 summarizes the effect 
analysis for density of dried aerogel. The level of experimental design at low temperature, 
pressure and autoclave volume was denoted while more severe conditions were “+”. 

The average density for aerogels was 0.0874 g/cm 3 . If the analysis is converted into an 
empirical model and all the possible terms for the experimental design are included, density (Y) 
can be given at the vertices of design by 


Y = 0.0874 - (0.0118/2) PT - (0.0116/2) P - (0.0109/2) PV - (0.0106/2)PTV 
- (0.0053/2) T - (0.0046/2) TV + (0.0091/2) V 
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Table 1. Densities of Aerogels 


Temperature 

CO 

Pressure 

(bars) 

Volume 

(cm 3 ) 

Flash Gas 

Density 

(g/cm 3 ) 

100 

48.26 

400 

C0 2 

0.0872 

200 

62.05 

400 

C0 2 

0,0868 

200 

96.53 

400 

C0 2 

0.0953 

100 

62.05 

400 

C0 2 

0.0917 

100 

96.53 

400 

C0 2 

0.0891 

200 

62.05 

no 

C0 2 

0.0899 

200 

96.53 

no 

C0 2 

0.0967 

100 

62.05 

110 

C0 2 

0.1024 

200 

62.05 

400 

h 2 

0.0942 

200 

96.53 

400 

h 2 

0.0797 

100 

62.05 

400 

h 2 

0.1120 

100 

96.53 

400 

h 2 

0.0817 

200 

62.05 

no 

h 2 

0.0834 

200 

96.53 

no 

h 2 

0.0815 

100 

62.05 

no 

h 2 

0.0829 

100 

96.53 

no 

h 2 

0.0834 


When the effect values are plotted against probability using a normal plot, P, V, PT, 
and TV effects could not be attributed to experimental error. Here, we are assuming the errors 
to be normally distributed. 

The pressure and PT effects are due to enhanced solubility of the alcohols in the carbon 
dioxide. The TV and V effects is possibly due to increase in reflux at higher temperatures and 
larger volumes. 

Furthermore, one can use the highest order interaction PVT to estimate the 
experimental standard deviation to be 0.0106 


Table 2. Effect Analysis for Dried Aerogel Density 


LEGEND 

VARIABLE 

- 

+ 

TEMPERATUREfC) 

100 

200 

PRESSURE (bars) 

62.05 

96.53 

AUTOCLAVE VOLUME(cm 3 ) 

no 

400 
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ANALYSIS 

P 

T 

V 

Density (g/cm 3 ) 

Effect 

Estimate 

- 

- 

- 

0.0829 

MEAN 

0.0874 

+ 

- 

- 

0.0834 

P 

-0.0116 

- 

+ 

- 

0.0834 

T 

-0.0053 

+ 

+ 

- 

0.0815 

PT 

-0.0118 

- 

- 

+ 

0.1120 

V 

0.0091 

+ 

- 

+ 

0.0817 

PV 

-0.0109 

- 

+ 

+ 

0.0942 

TV 

-0.0046 

+ 

+ 

+ 

0.0797 

PTV 

0.0106 


CONCLUSIONS 

A new method was introduced for drying the alcogels, where for the first time in 
literature, CO 2 is used in order to pressurize the reactor prior to the experiments. The use of 
CO 2 instead of an inert gas for this purpose is found to be extremely useful for carrying out the 
drying at lower temperatures. With the new method, aerogels are dried at temperatures which 
are 180°C or more lower than the critical temperature of the alcohols. 
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1. INTRODUCTION 

Many enzymatic processes can be of practical value, if they are carried out 
in anhydrous media instead of water. While biocatalysis in organic solvents is 
well established, the use of supercritical fluids, in particular supercritical carbon 
dioxide (SC-CO2), is still restricted to research on laboratory scale. 

SC-CO2 offers some advantages over organic solvents. It is not flammable, 
non toxic and relatively cheap and what's more it offers the possibility of an 
integrated seperation process. 

To take advantage of the stereoselectivity of enzymatic catalysis we chose 
the transesterification of (±)-menthol as our model system. Esterase EP10 from 
Pseudomonas marginata proved to be a suitable catalyst for the production of 
enantiomerically pure (-)-menthyl acetate. With isopropenyl acetate as the 
acylating reagent the enantioselectivity was as high as 180 (Michor et al., 1996). 
Soon we realized that the water content of the reaction medium is an important 
factor governing the reaction rate of the transesterification. Various groups have 
investigated the role of water content on reaction velocity. Miller at al. (1991) 
conducted the interesterification of trilaurin and myristic acid, catalyzed by a 
lipase from Rhizopus arrhizus, in a continous-flow packed-bed reactor. They did 
not find an effect of the water content of the SC-CO2 on the pseudo-first-order 
rate constant. Marty et al. (1992) on the other hand obtained a maximum of the 
initial reaction velocity at a water content of 10% (w/w) of the immobilized lipase 
Lipozyme TM from Mucor mihei. Dumont et al. (1991) finally demonstrated, 
that, when they switched from saturated to dry SC-CO2 flowing through their 
fixed bed reactor, the conversion rate decreased reversibly. Like Marty et al. they 
were using Lipozyme TM. 


* This work was performed within the SFB Biocatalysis at the TU-Graz. It was 
funded by the FWF (project no. F0110) 
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In this work we used an aluminium oxide humidity sensor to measure 
inline the water vapour pressure. We investigated the partitioning of water 
between SC-CO 2 and the enzyme preparation and we determined the influence 
of water activity on the initial reaction velocity. 

2. MATERIALS AND METHODS 

2.1. Materials 

Esterase EP10 from Pseudomonas marginata was supplied by Prof. 
Schwab from the Department of Biotechnology at the Graz University of 
Technology (Stubenrauch et al., 1995). Carbon dioxide (99.95 % (v/v), 35 ppmy 
water) was purchased from Linde. The aluminium oxide sensor is a product of 
PANAMETRICS. 

2.2 Methods 

Reactions, the determination of adsorption isotherms and the calibration 
of the humidity sensor were performed in a batch reaction system of a total 
volume of 168 ml or 178 ml depending on the size of the enzyme reactor (Figure 
1). 



Figure 1: Batch reaction system 

For the calibration of the humidity sensor a 140 ml reaction vessel was 
used. Portions of water of 20 or 100 pi were added via a HPLC valve and 
readings were taken after approximately one hour. The water vapour pressure 
proved to be a linear function of the water content. However the solubility of 
water in SC-CO 2 as calculated using the Chrastil correlation together with the 
parameters determined by Chrastil (1982), was found to be too high to apply a 
Henry's Law type analysis. We therefore employed the Peng-Robinson equation 
of state (EOS) to calculate the fugacity of water. Using the conventional mixing 
rules with one adjustable interaction parameter k(j the progress of the water 
vapour pressure as a function of the water content could be described reasonably 
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well (Figures 2 and 3). Serious deviations occured at 154 bar when the water 
content of SC-CO 2 exceeded 250 mg/1. 

Mixing rules used with the Peng-Robinson EOS: 

' j 

b m=^i b i 

1 

For temperatures around 50°C kij was set 0. At 32°C it had to be adjusted 
to 0.090. A temperature dependent interaction parameter has also been 
postulated by Sako et al. (1991). At 50°C they proposed a value of-0.0100. 



Figure 2: Calibration curve of the humidity sensor at 32°C and 95 bar. The curve 
was calculated by the Peng-Robinson EOS. 



Water content of SC-CO2 (mg/I) 

Figure 3: Calibration curves of the humidity sensor. O: 51.8°C, 105 bar, □: 
48.6°C, 104 bar, A: 48.9°C, 154 bar. Curves were calculated by the Peng- 
Robinson EOS. 
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Adsorption isotherms were determined using a 150 ml reaction vessel 
equipped with a sight glass. 1 g of the enzyme preparation was placed in the 
reactor, the whole system was flushed with CO 2 and finally pressure and 
temperature were adjusted to the desired values. Once again portions of 20 or 
100 pi of water were added. From the corresponding water vapour pressure the 
amount of dissolved water was calculated. The amount of water bound to the 
enzyme preparation was calculated as the difference between the amount of 
water added and the amount of water found in the SC-CO 2 . 

Reactions were carried out in the 140 ml reaction vessel. (±)-menthol and 
200 mg of the enzyme peparation were placed in the reactor and the reactor 
connected to the system. The whole system was flushed with CO 2 after which 
pressure and temperature were adjusted to 100 bar and 50°C. Water activity was 
set to the desired value by adding portions of water via the HPLC valve. The 
reaction was started by the addition of 1 ml of isopropenyl acetate once again via 
the HPLC valve. Final substrate concentrations were 20 mM menthol and 54 mM 
isopropenyl acetate. Stirring of the enzyme reactor was accomplished by a 
magnetic stirrer. In addition the reaction medium was pumped in a circle using a 
gear pump. The enzyme was retained in the enzyme reactor by a nylon 
membrane. Samples were taken via the HPLC-valve with a 500 pi sample loop, 
the content of which was expanded into hexane, and analyzed on a HP 5890 
Series II gas chromatograph. 

3. RESULTS AND DISCUSSION 

3.1. Adsorption isotherms 

An adsorption isotherm at 104 bar and 50°C is shown in figure 4. At a 
water activity of approximately 0.1 the previously powdery enzyme preparation 
started to aggregate. This process of aggregation continued until the last portion 
of water was added. 



Figure 4: Water content of the enzyme preparation as a function of the water 
activity a w . 
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3.2. Effect of water activity on initial reaction velocity 

The effect of different water activities on the initial reaction velocitiy Vi is 
summarized in figure 5. Experiments were carried out at 100 bar and 50°C. 
Unlike Marty et al. (1992) we did not experience a maximum in the reaction 
velocity but a steady decrease as the water activity increased. At an a w of 0.27, 
corresponding to a water content of the enzyme preparation of 3% (w/w), the 
residual activity was as low as 9 pmol h'lg‘1 enzyme (i.e. 4.5% of the activity at 
a w = 0.03). Since there is no decrease in activity at low water activity, we 
conclude, that, in the case of esterase EP10, SC-CO 2 does not strip essential 
water from the enzyme. This makes esterase EP10 a very easy to use catalyst, 
since the water content of the SC-CO 2 has merely to be kept very low to ensure 
maximum activity. 



Figure 5: Initial reaction velocity V( of the enzymatically catalyzed 
transesterification of (±)-menthol and isopropenyl acetate in SC-CO 2 as a 
function of water activity a w 

The inline measurement of the water vapour pressure makes it possible to 
monitor its progress in the course of the reaction. The water vapour pressure 
does not stay constant but slowly decreases until a very low value is reached. In 
the absence of the enzyme however no such decrease was detected (Figure 6). We 
believe that the enzymatically catalyzed hydrolysis of isopropenyl acetate is 
responsible for this decrease in water content. The hydrolysis occurs as a parallel 
reaction to the transesterification of isopropenyl acetate to menthyl acetate. It is 
not yet clear how significant the contribution of this parallel reaction to the 
overall decrease in (transesterificationReactivity is. If we assume that the rate 
constants for the hydrolytic reaction are of the same order of magnitude as those 
for the transesterification such a parallel reaction would lead to a significant 
decrease in the rate of transesterification as the water activity rises. At low water 
activities the hydrolytic reaction might be responsible for the observed decrease 
in reactivity. Very likely however the accumulation of water around the enzyme 
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particles and their aggregation is the main reason why esterase EP10 is nearly 
completely inactive at a water activity of 0.27. 



Figure 6: Progress of water vapour pressure p w in the course of the 
enzymatically catalyzed transesterification of (±)-menthol and isopropenyl 
acetate in SC-CO 2 at different starting values of p w . □: no enzyme was added, 
p w = 45.6 mbar,*: p w = 30.9 mbar, +: p w - 12.1 mbar, x: p w = 3.8 mbar 
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ABSTRACT 

Supercritical Water Oxidation (SCWO) has been proved to be a suitable process for 
treatment of several toxic and hazardous organic wastes due to its high removal efficiency. 
SCWO requires of hard reaction conditions (22.1 MPa and over 374°C). Special reactors are 
needed to support these conditions. An original reactor design is presented here wich has been 
tested in the treatment of alcohols+ammonia solutions in water. Performance results are 
presented here for ammonia and alcohols. Destruction efficiency greater than 99.9% are 
reached for both compounds, probing the correct performance of the reactor. 


INTRODUCTION 

Supercritical Water Oxidation (SCWO) is a technology for the total destruction of 
wastes, specially hazardous and very toxic ones 1 ' 2 . The process is based on the reaction of 
organics and oxygen in a SCW medium, that is, in water at temperture greater than 374 °C and 
pressure greater than 22.1 MPa. At supercritical conditions organics, oxygen and water are 
mixed in a single homogeneous phase and react almost completely with very low residence 
time. In this process organics are mainly oxidized to CO 2 and H 2 0. 

In previous designs of SCWO reactors, special materials such as Hastelloy, Inconel or Gold 1 
were needed to withstand such drastic operation condition of temperature and pressure to 
reduce corrosion effects imposed by the oxidizing atmosphere 

In this work is presented a new reactor model in wich pressure and temperature effects are 
isolated. This is achieved using a cooled wall vessel wich is mantained near to 400 °C, and a 
reaction chamber, where reactants are mixed and reaction takes place. This reaction chamber 
works over 625°C and is made of a special material wich supports the oxidazing atmosphere. 
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EQUIPMENT 

For our studies, a SCWO pilot plant was designed and built. The process diagram is 
presented in figure 1. 



Figure 1 Process diagram of the SCWO pilot plant. 


The pilot plant is able to treat 25 L/h of wastewater with an organics content between 10% and 
15% w/w. Wastewater is presurized with a plunger pump to 27.5 MPa. Air is used as oxidant 
previously pressurized in a four stages compresor to 28.0 MPa. 

Both streams pass through an electrical heater, wich is turned up during the starting-up. Once 
the oxidation reaction begins, the heat released is used for the thermal conditioning of the 
wastewater. At this point, the electrical heater is then switched-off. 

Air and wastewater are mixed in the reactor chamber where oxidation of organics takes place. 
This reactor is an original design and has granted the patent P9500388. 

It consists of two parts: the reaction chamber and the main vessel. The reaction chamber is 
made of Inconel and supports inside the oxidant atmosphere of the reactants at a maximun 
temperature of 650°C and a pressure of 27.5 MPa. It is enclosed in the main vessel wich is 
pressurized with the feedstream. As the reaction chamber supports inside and outside the same 
pressure, wall thickness is reduced. The main vessel is cooled with the feedstream before 
entering the reaction chamber, so that it works about 400°C and does not suffer the oxidant 
atmosphere. It has been made of stainless steel with a relatively low thickness. 

A diagram of the reactor is shown in figure 2. 

Although the reactor can operate as a mixed reactor, it was filled with alumina spheres and 
worked as fixed bed reactor. Residence times in the reaction chamber are about 1 minute. 
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Reaction temperature depends on the flowrates and concentrations but they are consistently 
between 580°C and 650°C. 


WASTEWATER 



Figure 2 Reactor scheme. 


Reaction products leave the reactor and are cooled in two countercurrent heat exchangers with 
water. Effluent is then depressurized to atmospheric pressure. Samples are collected for the 
analysis. 

Wastewater flowrates tested varied from 12.1 L/h to 18 L/h and oxigen excess (O.E.) between 
10 and 70%. Temperature and pressure were measured in different parts of the system and 
their values were stored in a PC computer for their later study. 


EXPERIMENTS 

The reactor was tested with the treatment of alcohol solutions in water (ethanol and 
isopropanol). This products have been chosen due to their thermal stability. With this 
solutions, a safe starting-up strategy was stablished. A typical experience is described below. 

Feed consisted of a solution of 12.5% w/w of isopropanol in water, wich represent an enthalpy 
content of 4.5-10 3 kJ/kg. This solution was fed to the reactor at a maximun flowrate of 16.1 
L/h . Oxygen excesses of 10%, 30%, 50% and 70% were selected and tested. 
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Figure 3 shows the evolution of the temperatures in this experience. During the starting-up 
period, wich last over 100 minutes, air and water were heated in an electrical heater. Initial 
flowrates were low and they were increased as the reaction temperature began to raise. When 
the reaction temperature was high enough, the electrical heater was switched off and water 
flowrate was fixed at 16.1 L/h. Then, the system evolved to its steady state. Air was finally fed 
at 120 °C due to the temperature increase produced in the compression stage. 

Althoug reaction temperature was greater than 600°C in the steady state, the feedstream (wich 
comes in the reactor near 40°C) cools the outer reactor wall to 400°C. This fact confirms the 
proper design and operation of the reactor. Removal efficiency were greater than 99.9%. 



Figure 3 .- Temperature evolution during a typical experience. 


Once the correct performance of the reactor was stablished for alcohols, ammonia-isopropanol 
solutions were also treated. Ammonia was chosen for its chemical and thermal stability 3 ' 4 . 
Solutions consisted of 12.5% isopropanol + 0.5% ammonia. Figure 4 shows the chemical 
analysis obtained from a typical experience. It was carried out with a feed flowrate of 16.1 L/h 
and variable oxygen excesses of 10%, 30%, 50% and to 70 %. TOC, isopropanol, NH 3 and 
nitrates were analyzed in the liquid efluent. TOC was analized with a TOC analizer, 
isopropanol was analyzed by GC and NH 3 and N0 3 ' were analized with selective electrodes 5 . 
In the gaseous efluent, NO x were measured with a Drager kit. 
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For 10% oxygen excess (OE), around 1000 mg/L of TOC were found in the liquid effluent and 
characterized by GC as isopropanol and acetone. At 30% OE there was a sharp decrease to 
around 100 mg/L of TOC with a small decrease for further OE increases (figure 4). 

Ammonia concentration in the effluent showed a similar trend, starting at 1000 mg/L for 10% 
OE, sharp decrease for 30% OE but regular decrease for higher OE. 



Figure 4 .- Influence of the oxygen excess (OE) on the reaction products 


As expected, NO x ' in the effluent showed the opposite trend; started at below 1 mg/L for 10% 
OE, increased to around 200 mg/L for 30% OE and reached 500 mg/L for 70% OE. 

Maximun amount of NO x in the gas effluent was found to be 48 mg/m 3 for 70% OE. 

In terms of removal efficiency a 99.99% was found for isopropanol and 99.9% for ammonia at 
70% OE. 


CONCLUSIONS 

- Reactor performance in terms of temperature stability and removal efficiency is suitable for 
the purposes it was designed and built. 
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- Isopropanol and ammonia mixtures in water can be destroyed with efficiency greater than 
99.99% and 99.9% respectively, with residence times about 1 minute. 

- End products of reaction include small amounts of isopropanol, acetone and NO*, their 
concentrations being dependent upon oxygen excess. 


REFERENCES 

1. - J. W. Tester et al., Supercritical Water Oxidation Technology, ACS Symposium Series, 
518 (1993) 35-76 

2. - D. M. Harradine et al, Oxidation Chemistry of energetic materials in Supercritical Water 
Hazardous Waste and Hazardous Materials, vol. 10-2 (1993) 233-246 

3. - W. R. Killilea et al., The fate of nitrogen in Supercritical-Water Oxidation, The Journal of 
Supercritical Fluids, 5 (1993) 72-78 

4 - P. A. Webley et al. Oxidation kinetics of ammonia and ammonia methanol mixtures in 
Supercritical Water in the range temperature range 530-700°C at 246 bar, Ind. Eng. Chem. 
Res. 30 (1991) 1745-1754 

5 - APHA, AWWA, WPCF, Standard Methods for the Examination of Water and Wastewater 


ACKNOWLEDGMENTS 

The authors wish to thank EMGRISA for providing technical and financial support. 



127 


High Pressure Chemical Engineering 

Ph. Rudolf von Rohr and Ch. Trepp (Editors) 

® 1996 Elsevier Science B.V. All rights reserved. 


Enzyme Catalysed Reactions, Enantioselectivity And Stability Under 
High Hydrostatic Pressure 

O. Guthmann 8 , R, Schwerdtfeger b , A. Rieks b , G. Antranikian b , V. Kasche b , G. 

Brunner 3 , 

“Dept, of Chemical Engineering, TU Hamburg-Harburg, Germany 
b Dept. of Biotechnology, TU Hamburg-Harburg, Germany 

Keywords : enzyme, hydrostatic pressure, stereoselectivity, stability, enantioselectivity 


Summary 

Pressure activation and inactivation is investigated for several enzymes like penicillin 
amidase ( E.coli ), glutamate dehydrogenase ( P. woesei ) and lipase (Rhizopus 
arrhizus ) in the pressure range between 1 bar and 4000 bar. In dependance of 
pressure and temperature the enzymes are acivated or inactivated and hence their 
enantioselectiviy can be directed. The activation of the enzymes corresponds to a 
decrease in the value which results in a higher substrate affinity . 

Introduction 

The properties of enzymes under high hydrostatic pressure as denaturing or activating "agent" 
have been investigated for several enzymes. The activity was measured in a high pressure cell 
equipped with a magnetic stirrer and a heater. The kinetic measurements were carried out by 
a photometer coupled to the high pressure cell by a fiber optic adapter. It was possible to 
perform kinetic measurements up to 4000 bar and 150 °C in situ under pressure. Enzymes 
undergo large conformational changes during the catalytic reaction and hence should 
significantly change their activity under pressure. A pressure dependance of the enzyme 
activity indicates that some of the conformational changes are stabilized or destabilized under 
pressure. According to the Eyring-Theory of the activated complex the pressure 
dependence of the enzyme catalysed reaction is described as in equation (1) and (2). 


d In k 
dp 


AV 

RT 


( 1 ) 


v "/' Jt 

V* : volume of the activated complex 
V s : volume of the free educts 
k : reaction rate constant 


AV= V* -V E (2) 

R : gas constant 

T : temperature 
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AV means the volume difference of the activated complex and of the educts which are the 
substrates and the free enzyme. A difference in the volumes of the activated complex and of 
the educts leads to an increase or decrease of the reaction rate depending upon a positive or 
negative volume change. According to Chen the enantioselectivity is defined as 


1 

L J 

i[ A °L 

In 

fj B ii 


= E = 




[Bo], 


A; 


(3) 


Considering that the enantioselectivity (E) is dependent on high hydrostatic pressure the K M 
and v iivu value should also be dependent on pressure. In view of the enzyme catalysed 
reactions volume changes due to conformational changes of the enzymes should expect larger 
sensitivity of the reaction rates compared to the uncatalysed ones. 

Changes in the value under pressure show a relationship of the substrate affinity under 
pressure and hence helps to explain a mechanism of the catalytic steps. A decrease in the 
value indicates an increase in the substrate affinity and vice versa. A determination of the 
value in conjunction with a change of the activity under pressure could help to explain wether 
the activation is caused by a decrease of the activation energy or by an increase of the 
substrate affinity. 

PENICILLIN amidase (PA) (Escherichia coli) 

Penicillin amidase (EC 3.5.1.11) from E. coli is a common enzyme used in industry for 
preparing semisynthetic antibiotics. This work presents a strong dependence in the 
stereoselectivity for penicilline amidase with D-/L-Phenylglycylacetamidobenzoic acid (D- 
/L-PGNAB) and D-/L-Phenylglycinamid (D-/L-Phenglycamid). These chromogenic substra¬ 
tes are model substrates for semisynthetic antibiotics. The activity and the change of the 
values of penicillin amidase were different under high hydrostatic pressure for each substrate. 
Hence penicillin amidase also shows a pressure dependent enantioselectivity. The pressure 
dependence of the enantioselectivity is substrate specific. Figure 1 presents the results of the 
change of enantioselectivity of D-/L-Phenylglycinamid (PGA) and D-/L- 
Phenyglycinacetamidobenzoic acid (PGNAB). The enantioselectivity for D-/L-PGNAB is 
about 5 to 10 times higher than for D-/L-PGA under pressure. For both substrates the 
enantioselctivity decreases with increasing pressure and therefore the pressure induced 
conformational changes lead to a decrease of the enantioselectivity for these substrates. The 
,,larger" substrate molecule D-/L-PGNAB has more functional groups to interact with amino 
acids in the acitve site of PA and hence the enantioselectivity is larger. The change of the 
enantioselectiviy of D-/L-PGA is much larger than for D-/L-PGNAB probably due to larger 
conformational changes of the active site under pressure. Determination of the k M and K M 
values for D-/L-PGNAB showed that the k M and K M values for L-PGNAB are nearly 
independent on high hydrostatic pressure. Therefore it becomes evident that the decrease in 
the enantioselctivity is a result of changes of the kJK M values for D-PGNAB. The increase of 
the K m value corresponds to a loss of the enzyme substrate binding affinity and therefore 
reduces the reaction rate for D-PGNAB (see table 1). 
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Table 1 k M and K u values and enantioselectivity of penicillin amidase under pressure 


for D-/L-PGNAB. 



K, 


K 


KJ k m 



Pressure 

D-form 

L-form 

D-form 

L-form 

D-form 

L-form 

Enantiosel. 

1 

4,00 

0,05 

1,50 

2,50 

2,67 

0,02 

0,01 

1000 

45,65 

2,65 

2,50 

1,40 

18,26 

1,89 

0,10 

2000 

78,26 

2,74 

7,50 

1,60 

10,43 

1,71 

0,16 

3000 

84,78 

1,55 

9,70 

1,00 

8,74 

1,55 

0,18 

4000 

1,74 

2,65 

3,90 

0,52 

0,45 

5,10 

11,43 


Glutamate Dehydrogenase ( Pyrococcus woesei ) 

Extremophilic organisms are generally exhibited to extreme conditions which means high 
pressure, high / low temperatures and high temperatures. Thermophilic ones in particular the 
archea are well adapted to high temperatures. The activity of the thermophilic 
glutamatdehydrogenase (GDH) (EC 1.4.1.4) from P. woesei is investigated under high 
hydrostatic pressure at different temperatures. GDH is a hexameric enzyme of 270 kDa 
isolated from shallow water, Vulcano Island in Italy. It requires NAD7NADP* as cofactors. 
The aim was to find out a correlation between activity, stability, pressure and temperature. 
GDH has a strong dependance on pressure and temperature. The activity in dependence of the 
temperature at different high hydrostatic pressures is shown in figure 2. It’s maximum 
acitivity at ambient pressure lies slightly above 80 °C. The highest activity has been found at 
85 °C and 500 bar. GDH is activated under pressure and the maximum activity is shifted 
towards higher pressure with increasing temperature from 80 °C to 90 °C. The activity 
increases with pressure up to 85 °C and decreases at higher temperatures due to an increase in 
thermal incativation. An explanation for this phenomenon could be a stabilizing effect of 
pressure of the weak interactions that dominates the tertiary protein structure. Thermal energy 
causes enzyme inactivation due to partially unfolding the protein while hydrostatic pressure 
could prevent an increase in enzyme flexibility. 

Lipase {Rhizopus arrhizus) 

Lipases are the most common enzymes used in non conventional media like organic solvents 
and supercritical carbon dioxide. Lipases usually hydrolyse fats into fatty acids and glycerol. 
The special property of lipases is their ability to act at the interface between water and oil. In 
these experiments lipase (EC 3.1.1.34) from Rhizopus arrhizus (Boehringer Mannheim) was 
used to investigate the effects of lipase under hydrostatic pressure. The analysed reaction was 
the hydrolysis of p-Nitrophenyllaureate at different concentrations at 35 °C. The dependance 
of the kinetic constants between 1 bar and 3000 bar is presented in table 2. Like the 
thermophilic GDH at 1000 bar lipase is activated under pressure as well. The initial reaction 
rate increases by a factor of 1.5 at 1000 bar compared to the initial reaction rate at ambient 
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Table 2 

and values of lipase under pressure 


Pressure [bar] 


%[pM] 

1 

0,12 

10,9 

1000 

0,17 

6,3 

3000 

0,08 

11,90 



D-/L-Phenglycamid 


pressure. While increases the AT M value 
decreases as a result of the higher substrate 
affinity. It seems that pressure up to 1000 
bar stabilizes the enzym substrate complex 
and probably decrease the activation energy 
of the activated complex. 




Figure 1. Pressure dependent enantioselectivity of penicillin amidase 
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Figure 2. Activation of glutamate dehydrogenase under high hydrostatic pressure. 


Conclusions 

Generally it is possible to activate enzymes under pressure, but at high hydrostatic pressure a 
decrease in activity occures due to pressure induced inactivation. The impact of pressure on 
the reaction rates is quite complex because of the different susceptibilities of the catalytic 
steps. It should be useful to perform enzyme catalysed reactions under hydrostatic pressure 
because pressure and temperature can have contrary effects. 
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Decomposition of Ti(0-iC 3*17)4 dissolved in supercritical isopropanol leads to the 
formation of titanium oxide. The reaction is studied in the temperature range 531 to 
568 K under 10 MPa and a mechanism is proposed. The obtained kinetic results are 
further used to optimize a continuous reactor producing submicronic TiC>2 powder 
at a laboratory pilot scale. 


1. INTRODUCTION 

We recently used titanium isopropoxide, Ti(0-iC3H7)4 (referred to hereafter as 
TTIP) as a precursor for Ti02 submicronic powder synthesis or thin film deposition 
[1,2]. Reactions were performed in supercritical isopropanol or alcohol-CC>2 
mixtures. Advantages of such processes were the recover of partially crystallized 
powders without further washing and drying steps removing solvent and 
by-products simply by decompressing the system at temperature above the alcohol 
critical point. Furthermore, homogeneous TiC>2 films, of about 5 |im thickness, can be 
formed on an alumina substrate in less than 10 minutes, i.e. much more rapidly than 
by conventional CVD methods. 

In order to model and optimize the behaviour of a continuous system for TiC>2 
powder production on a laboratory pilot scale, we need kinetic data forthe involved 
reaction. The aim of this study is then to get such informations on TTIP 
decomposition in supercritical isopropanol. 

The 1 IIP thermal decomposition has been studied by various authors. Although 
the usually accepted overall reaction can be written as 

Ti(0-iC 3 H 7 ) 4 -> Ti02+4C3H 6 +2H 2 0 

conflicting results about kinetic rate laws and mechanisms have been reported.. 
These discrepancies appear to originate in the different experimental conditions in 
which the various studies were performed. 

TTIP decomposition becomes detectable above about 623 K in a clean glass 
reactor; while it has a significant rate at temperatures as low as 523 K when the 
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reactor walls are covered with previously formed Ti02 [3]. The presence of alumina, 
which is known to catalyse alcohol dehydration at temperature higher than 473 K, 
has been shown to greatly influence the alkoxide transformation [4,5]. Various 
overall reaction orders have been reported from kinetic studies. The order 0.5 was 
proposed in TiC >2 powder synthesis [6] while values between 0 and 2 were found 
from CVD experiments in which TTIP partial pressure and temperature are 
measured[4, 7-10]. A reaction mechanism was first proposed by Siefering et al. [7] in 
order to explain their experimental results. The three elementary steps were 
successively : (i) activation of a TTIP molecule by collisional excitation with another 
one in the gas phase, (ii) adsorption of the activated species, (iii) surface 
decomposition. Depending on the conditions, the limiting step, as well as the overall 
reaction order, can change. 

Few authors reported measurements on activation energy. From these studies, 
two sets of values can be distinguished : around 100 to 150 kj.mole -1 [8,9] or around 
20 or 27 kj. mole -1 [11,12]. In the latter case, a rather high oxygen content in the gas 
phase of the CVD system has been shown to favor the film formation. The addition 
of water in CVD experiments also increases the film growth rate [12,13]. 


2. EXPERIMENTAL 

The reactor used is a closed 240 cm 3 stainless steel vessel fitted with temperature 
and pressure measurement sensors and with a device allowing the withdrawal of 
small samples at regular time intervals. The temperature was regulated within ± 2 K 
and the pressure was fixed at around 10 MPa. A TTIP solution in isopropanol, with 
concentration between 0.1 and 0.6 mole.H was first introduced into the system and 
heated up to the study temperature (531 to 568 K) at 5 K.min 1 . At this temperature, 
the reaction was followed analysing successive withdrawn samples. The 
concentration of alkoxy groups bonded to a titanium atom and remaining in solution 
was determined by IR spectrometry by measuring the intensity of the absorption 
band at 1025 cm' 1 attributed to C-O stretching vibration. The overall error in 
concentration is estimated to be around ± 10 %. 

Isopropanol (critical point T c = 508 K, P c = 4.7 MPa) has a purity higher than 99 %. 
TTIP was distilled under reduced pressure at 368 K before being used. 

In preliminary experiments, it was shown that the internal surface state of the 
reactor has an important influence on the reaction rate. Therefore, special care was 
taken to keep it as reproductible as possible from one experiment to the other by 
leaving a small film of strongly held TiC >2 particles on the internal walls. 


3. RESULTS 

As mentionned above, reaction advancement was followed from IR spectrometric 
measurements. In so far as the total withdrawn sample volume can be neglected 
compared with the initial one, the volumic molar concentrations of OR alkyl groups 
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in the liquid at room temperature and in the supercritical reaction medium at 
temperature T (noted [A] and [A]' respectively) can be related by 

[A ]=[A]HSCF=[A]^ 

Pl v r 

where pscF and pL are densities of the supercritical fluid and liquid respectively, Vr 
is the reactor volume, Vl isthe introduced liquid solution. 

In the initial TTIP alcoholic solution of concentration Q, the alkoxy group 
concentration is [A]i = 4Q. If no reaction occurs during heating up to the study 
temperature Tr, and before data collection is started (at time t=0), the above 

equations lead to [a] =4Cj.^^- This is really not the case and the measured 
values are 20 to 35 % lower. 

Experimental [A] t values can be fitted as various functions of time in order to 
determine an overall kinetic reaction order. For the five investigated reaction 
temperatures in the range 531 to 568 K, the best linear fit is obtained plotting 
ln[A] t = f(t)< in accordance with a first order reaction. The kinetic constants derived 
from curves in figures 1 and 2 are reported in table 1. Figure 3 shows an Arrhenius 
plot allowing calculation of the activation energy. Taking into account the previously 
estimated errors in Tr and [A], the value Ea = 113 ± 16 kj.mole-1 can be proposed. 
Such a value is close to that reported when a thermal decomposition reaction is the 
limiting step [7,8]. 


4. DISCUSSION 

As pointed out above, many studies on TTIP "decomposition" emphasize the 
influence of water formed in a dehydration reaction of alcohol present either as 
solvent or as traces. Such a chain mechanism involving a first alcohol molecule 
producing one water molecule which, by the hydrolysis reaction, gives two 
additional alcohol molecules has been shown by Bradley and al. studying zirconium 
alkoxides [11]. Curiously, such a "hydrolytic" decomposition of titanium derivatives 
has not been taken into account in the most recently reported studies on CVD 
experiments from TTIP [8-10]. 

We have previously shown that solid particle formation from TTIP 
in supercritical alcohol occurs at lower temperature than for pure vapor 
decomposition [1]. This allows us to assume that the first step in TiC>2 formation 
from titanium alkoxide under our experimental conditions is alcohol dehydration 
followed by hydrolysis reactions. 

In support of this hypothesis, we studied Raman spectra recorded on samples 
withdrawn at various moments from the reaction medium. We shown that the 
intensities associated with Ti-OR, Ti-OH and Ti-O-Ti vibrational stretching bands 
decrease with time, but that the intensity ratios of two v(Ti-O) lines remain nearly 
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Table 1 

Rate constants and 
activation energy 


T(K) k(min _1 ) 


531 

± 

2 

0.076 

± 

0.008 

536 

± 

2 

0.088 

± 

0.009 

546 

± 

2 

0.219 

± 

0.022 

556 

± 

2 

0.220 

± 

0.022 

568 

± 

2 

0.405 

± 

0.041 


Ea = 113 ± 16 kj. mole ' 1 



Water content of SC-CO 2 (mg/1) 

107 T (K) 

Figure 3 : Arrhenius plot for the kinetic constants k. 


constant. These results indicate that hydrolysis equilibria are established in the 
system at a given temperature. 

The following mechanism can then be proposed for transformation of TUP into 
TiC >2 under our experimental conditions (R is the isopropyl group, R’ is C 3 H 6 ): 

Kl,kl 


ROH -> R’ + H20 

( 1 ) 

K2,k2 


Ti(OR)4 + H 2 O -» Ti(OR)3(OH + ROH 

( 2 ) 

K3,k3 


Ti(OR)3(OH + H 2 O -> Ti(OR) 2 (OH )2 + ROH 
<— 

(3) 

K4,k4 


Ti(OR)2(OH) 2 + H20 -» Ti(ORXOH) 3 + ROH 

<- 

(4) 

Ti(OR)2(OH)2 ^ Ti02 + 2 ROH 

(5) 

Ti(OR)(OH)3 ^ Ti02 + ROH + H 2 O 

(6) 


where ki (or k'j) and Ki are rate constants and equilibrium constants respectively. 

It has been previously shown [5] that around 613 K, reaction (1) catalysed by 
AI 2 O 3 is about 10 times faster than the alkoxide thermolysis. It is also well known 
[ 12 ] that the rate of successive hydrolyses decreases when the number of already 
reacted radicals increases. Therefore, we only mention the first 3 steps in the above 
sequence. Furthermore hydrolysis reactions are known to be faster than dehydration 
and dealcoholation of intermediate Ti(OR) 4 -x(OH)x species [13]. In the proposed 
mechanism, reactions (3') and (4’) can then be considered as the limiting steps and 
the disappearance rate of OR groups bonded to Ti atom in the supercritical solution 
can be expressed as : 

= -2k 3 [Ti(OR)2(OH)2]-k 4 [Ti(OR)(OH)3] 
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Using classical expressions of the equilibrium constants K2, K3, K4, it follows : 


d[A}’ 

dt 


K 4 [H 2 0 ] 



[AJ 

Z 


where Z depends on K 2 , K 3 , K4 and is a function of [H 2 O] and [ROH]. 

A steady state between relative concentrations of various species containing 
titanium can be assumed as shown from the Raman study, so that water and 
isopropanol concentrations can be considered as constants. The kinetic law of the 


overall reaction can then be written 
first order as observed from experimental data. 


= -kfAl . The reaction is then found to be 
dt 


CONCLUSION 

The present study on T 1 O 2 powder formation from Ti( 0 -iC 3 H 7)4 in supercritical 
isopropanol has allowed the determination of reaction kinetic constants and 
activation energy in a temperature range from 531 to 568 K at 10 MPa. The proposed 
mechanism is based on a hydrolytic decomposition of the alkoxide initiated by water 
formed in alcohol dehydration catalysed by reactor walls. The derived reaction 
kinetic order is unity in accordance with experimental results. Such a mechanism 
also explains that special cares must be taken about the internal surface state of the 
reactor in order to obtain reproducible results. 
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Enantioselective hydrogenation in supercritical fluids. Limitations of 
the use of supercritical C0 2 

B. Minder, T. Mallat and A. Baiker 

Department of Chemical Engineering and Industrial Chemistry, ETH Zentram, CH-8092, 
Zurich, Switzerland 


The Pt-catalyzed enantioselective hydrogenation of ethyl pyruvate to (Tf)-ethyl lactate 
was considerably faster (by a factor of 3-3.5) in supercritical ethane than in the conventional 
apolar solvent toluene, whereas the enantioselectivity was unaffected. Complete catalyst 
deactivation was observed in C0 2 , which was shown by FTIR to be due to the reduction of 
C0 2 to CO via reverse water gas shift reaction. The catalyst could be regenerated by exposing 
it to ambient air, while hydrogen treatment was less efficient. This is the first evidence to the 
limitation of catalytic hydrogenations over Pt metals in supercritical C0 2 . 


1. INTRODUCTION 

There is a rapidly growing interest in performing chemical reactions in supercritical 
solvents. Intrigued by the unique properties and technological advantages of supercritical 
fluids, a broad range of chemical transformations have been studied in this medium [1-3]. 
Interestingly, there are hardly any data available on catalytic hydrogenations [4, 5]. Here we 
report a rather demanding reaction, the enantioselective hydrogenation of an a-ketoester to the 
corresponding a-hydroxyester (scheme 1) in some supercritical solvents. The catalyst is 
Pt/alumina, chirally modified by a preadsorbed alkaloid, cinchonidine [6-8]. 



Scheme 1 
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2. EXPERIMENTAL 

2.1 Hydrogenation reaction 

A 5 wt-% Pt/alumina catalyst (Engelhard, 4759, Pt-dispersion of 0.22 by CO 
chemisorption) was prereduced at 400 °C for 2 h in 30 ml min' 1 flowing hydrogen, and then 
transferred to the reactor under argon. Ethyl pyruvate was freshly distilled before each 
reaction. The critical pressures and temperatures of C0 2 , ethane and propane are 73 bar/304 
K, 48 bar/305 K and 43 bar/370 K, respectively [9]. 

The hydrogenation reaction was carried out in a thermostated 500 ml MEDIMEX SS 
stirred autoclave. Under standard conditions, 20 ml ethyl pyruvate, 0.45 g catalyst, 88 mg 
cinchonidine and 121 g solvent were used. Ethane, propane and C0 2 were measured with a 
Rheonik flow controller. The reactant/solvent ratio was always 1.5 mmol/g. Under the 
conditions applied, the ethane/H 2 and C0 2 /H 2 mixtures are in the supercritical region [10, 11]. 

Enantiomeric excess (ee) and conversion were determined gas-chromatographically 
(WCOT, CP-Cyclodextrin-p-2,3,6-M-19). Standard deviation of determining ee (absolute value 
of {[R]-[S])/([R]+[S]} x 100, in %) was ± 1 %. 

2.2 FTIR measurements 

The in situ diffuse reflectance FTIR studies were carried out on a Perkin Elmer (model 
2000) instrument, including a diffuse reflection unit and a reaction chamber. The gas flow of 
30 ml min' 1 was passed through the reaction chamber, containing the catalyst on an alumina 
sample holder. The spectra were measured in the reflection mode, with 25 scans and 8 cm' 1 . 

Before the measurement shown in Fig. 1, the catalyst was first pretreated at 673 K for 
1.5 h in H 2 (99.999 %). The background spectrum (100 scans, 8 cm' 1 ) was measured after 
cooling the catalyst to 313 K in N 2 (99.995 %). The cell was flushed with H 2 at 1 bar for 2 
min, then the pressure was increased to 10 bar. Hydrogen was substituted by a mixture of C0 2 
(99.99 %) and H 2 in a 1 : 4 ratio, and the pressure was increased to 15 bar. The experimental 
procedure for Fig. 3 is schematically illustrated in Fig. 2. The KBr background spectrum was 
measured at 493 K in nitrogen (500 scans, 8 cm" 1 ). 


3. RESULTS AND DISCUSSIONS 

3.1 Enantioselective hydrogenation of ethyl pyruvate in supercritical solvents 

Conversions and enantiomeric excesses (ee), obtained in ethane under supercritical 
conditions, are shown in Table 1. Favorable conditions for achieving good ee are high 
hydrogen pressure (>70 bar) and low temperature [8]. The latter parameter is limited by the 
critical temperature of the ethane/hydrogen mixture [10]. Selectivities are about the same as 
those obtained in the best conventional apolar solvent, toluene. Initial reaction rates of the fast 
reaction could not be determined accurately. The reaction times, required for complete 
conversion of ethyl pyruvate, were 3 - 3.5 times lower in ethane than in toluene under 
otherwise identical conditions, likely due to the absence of mass transfer limitations in ethane. 

In the hydrogenation of a-ketoesters, high ee can be achieved only at ambient 
temperature or below [8], The number of supercritical solvents, available for this temperature 
range, is very limited. The ee in propane is moderate (Table 1), due to the necessary high 
reaction temperature. Supercritical C0 2 seemed to be an ideal choice as solvent due to its low 
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polarity and critical temperature. Astonishingly, a complete catalyst deactivation was observed 
in C0 2 in a broad range of pressures and temperature, and no conversion higher than 3 % 
could be obtained even after several hours reaction time (Table 1). The attempted 
hydrogenation of another a-ketoester, ethyl benzoylformate, also failed in this solvent. 

Table 1 


Enantioselective hydrogenation of ethyl pyruvate in supercritical and conventional solvents 


N° 

Solvent 

D 

1 solvent 

bar 

p 

1 hydrogen 

bar 

Temp. 

K 

Conv. 

% 

Ee. 

% 

1 

Ethane 

60 

70 

293 

98 

74 

2 

Ethane 

60 


323 

96 

74 

3 

Ethane 

60 

70 

343 

98 

71 

4 

Ethane 

60 

70 

373 

68 

33 

5 

Ethane 

60 

10 

323 

81 

64 

6 

Ethane 

60 

30 

323 

99 

69 

7 

Ethane 

60 

100 

323 

96 

74 

8 

Ethane 

60 

140 

323 

92 

74 

9 

Propane 

50 

70 

373 

40 

34 

10 

Carbon dioxide 

80 

20 

313 

2 

29 

11 

Carbon dioxide 

80 

70 

313 

3 

28 

12 

Carbon dioxide 

180 

70 

373 

2 

7 

13 

Toluene 

_ 

70 

323 

100 

75 

14 

Toluene 

- 

70 

373 

99 

41 


3.2 In situ FUR study of catalyst poisoning in CO z 

FTIR model experiments were performed to reveal the nature of catalyst deactivation 
in C0 2 . The spectrum taken at 15 bar in a C0 2 /H 2 mixture is shown in Fig. 1. The bands at 
2060 and 1870 cm' 1 indicate considerable coverage of Pt by linearly and bridge-bonded CO 
[12], formed by the reduction of C0 2 on Pt (reverse water gas shift reaction). The three 
characteristic bands at 1660, 1440 and 1235 cm' 1 are attributed to C0 2 adsorption on A1 2 0 3 , 
likely as carbonate species [13, 14]. It is well known [15] that CO is a strong poison for the 
hydrogenation of carbonyl compounds on Pt, but can improve the selectivity of the acetylene 
—> olefin type transformations. Based on the above FTIR experiments it cannot be excluded 
that there are other strongly adsorbed species on Pt formed in small amounts. It is possible 
that the reduction of C0 2 provides also -COOH and triply bonded COH, as proposed earlier 
[16]. 

The possibilities of regenerating Pt/alumina after CO poisoning is illustrated in Fig. 3. 
If the catalyst (stored in air) is exposed to H 2 , the CO peaks at 2030 and 1860 cm" 1 appear 
immediately (curve b). The minor shift compared to Fig. 1 may be due to the different 






Wavenumber, cm" 


Figure 1. FTIR spectrum of the 5 wt-% Pt/Al 2 0 3 catalyst measured after prereduction at 673 
K (catalyst cleaning) and cooling to 313 K; atmosphere: 3 bar C0 2 + 12 bar H 2 . 



0 5 35 125 145 160 190 


Time, min 

Figure 2. Sample pretreatment before and during FTIR analysis shown in Fig. 3 










Figure 3. 
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conditions and the small amount of CO. Removal of CO by competitive adsorption of H 2 is 
slow and incomplete even at 573 K (slow diffusion of CO from Pt to A1 2 0 3 , curves c-e), and 
CO appears again when substituting H 2 to N 2 (curve f)- Note that CO adsorption on the Lewis 
centers of A1 2 0 3 (at 2190 cm' 1 ) is only detectable at high CO pressures. 

In contrast, oxidation of CO on Pt is rapid and complete. During cooling to room 
temperature, CO is partly oxidized to C0 2 by the low 0 2 content of the N 2 flow (<50 ppm). 
The remaining CO is immediately oxidized in air, and the CO peaks do not appear again in 
N 2 (curves g-k). The adsorption of the product C0 2 on alumina is indicated by the carbonate 
and bicarbonate species at 1600-1750 cm' 1 . 


4. CONCLUSIONS 

Our results suggest that due care should be taken when applying supercritical C0 2 as 
solvent in hydrogenation reactions. Platinum metals catalyze the reduction of C0 2 to CO 
(reverse water gas shift reaction) even at ambient temperature, and CO can poison the catalyst 
(e.g. in carbonyl reductions) and contaminate the recycled C0 2 . 
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Investigation of Various Zeolite Catalysts under Supercritical Conditions 
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Erlangen (Germany), Tel. (+ 49-9131) 857420, Fax. (+ 49-9131) 857421 

Three different zeolites (USY-zeolite, H-ZSM-5 and H-mordenite) were investigated in a 
computer controlled experimental equipment under supercritical conditions using the dispro¬ 
portionation of ethylbenzene as test reaction and butane or pentane as an inert gas. Experiments 
were carried out at a pressure of 50 bar, a flow rate of 450 ml/min (at standard temperature and 
pressure), a range of temperatures (573 - 673 K) and 0.8 as molar fraction of ethylbenzene (EB) 
in the feed. The results showed that an extraction of coke deposited on the catalysts strongly 
depends on the physico-chemical properties of the catalysts. Coke deposited on Lewis centres 
can be more easily dissolved by supercritical fluid than that on Br(|)nsted centres. 

1. INTRODUCTION 

Many heterogenous catalytic processes are often accompanied by side reactions, which lead 
to deposition of higher-molecular-weight polynuclear compounds on the catalyst surface. This 
“coke” deposits give rise to the reduction of the number of accessible active centres and thus to 
deactivation of catalysts. In situ regeneration of the coked catalysts by supercritical fluids has 
more advantages than the traditional burn-off in air [1]. It is based on the well-known high 
ability of supercritical fluids for dissolving solids of large molar masses already demonstrated 
experimentally [2] and theoretically [3], 

Y-zeolite, ZSM-5 and mordenite are three important industrial zeolites because of their pore 
structure and surface acidity. The coke extraction from the strongly coked HYZ catalyst has 
already been investigated under supercritical conditions [4,5], However, investigations on 
ZSM-5 and mordenite under supercritical conditions can not be found in literatures. 

In this paper three zeolite catalysts from Sud-Chemie AG (USY-zeolite Si/Al 2.3-2.5, 
H-ZSM-5 Si/Al 15 and H-mordenite Si/Al 10) have been investigated in a gradientless reactor 
under supercritical conditions using the disproportionation of ethylbenzene (EBD) as test 
reaction and butane or pentane as inert. A previous publication reported investigations on those 
three catalysts at normal pressure and the details about the geometry of the three zeolites [6], 

2. EXPERIMENTAL 

The computer controlled experimental equipment consists of a feeding system, a gradientless 
reactor, a gas chromatograph for the analysis of the reaction mixture as well as data processing 
and control unit consisting of two PCs. A detailed description of the experimental setup can be 
found in reference [1], 

The coke content of the coked catalyst samples was determined by a microbalance [7]. The 
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nature and the number of acid centres of catalysts have been determined by means of the 
IR-spectroscopy [1]. The catalyst sample (particle size 0.63 - 0.8 mm) was calcined for 6 hours 
at 673 K under nitrogen. 

3. RESULTS AND DISCUSSION 
3.1. USYZ 

The experiments on the USY-zeolite (USYZ) at normal pressure showed that the USYZ had 
a low activity and deactivated slowly, but its coke contents were not small [6], This means that 
the USYZ has a strong coking tendency. Therefore experiments on USYZ under supercritical 
conditions are interesting. Figure 1 shows the conversion against time on stream at different 
temperatures each at 1 bar and 60 bar. It can be seen clearly that the conversion levels under 
supercritical conditions are higher than those at normal pressure in spite of the much larger 
flow rate at 60 bar. 

This means that the coking tendency can be prevented or decelerated under supercritical 
conditions. On the other hand, there is also an optimum temperature, at which the conversion can 
remain constant during time on stream because of an equilibrium between coking and coke 
extracting. Compared with the results on other catalysts one can find that this regularity is 
generally valid only for the Y-zeolite. The reason may be that Y-zeolite has three-dimensional 
channels and the larger pore diameter. For two-dimensional ZSM-5 and the one-dimensional 
H-modernite it is difficult for the dissolved coke precursor to diffuse out of the pore of the 
catalyst. Comparing coke contents on the USYZ catalyst at 1 and at 60 bar (Figure 2), one can 
find that the coke extraction of supercritical fluids also plays an important role on the catalyst 
which has lower activity and deactivates slowly. 
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Figure 1 Conversion against time on stream 
at different temperatures each at 60 bar and 
1 bar ( Nml/min represents flow rate ml/min at 
standard temperature and pressure.) 
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Figure 2 Coke contents at different tem¬ 
peratures on USYZ 


Figure 3 shows the relative areas of the different acid centres of USYZ in dependences of 
temperature and pressure. It can be seen that acid centres were less reduced by coking at 623 K 
under supercritical conditions than under normal pressure. This confirms a high capacity of the 
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coke extraction of supercritical fluids. At 673 K there are different behaviors for the three 
absorption bands. Thus the supercritical conditions bring about an increase of coke deposit on 
Br<|)nsted centres, while Lewis centres show on the contrary a lower coking tendency at this 
temperature than at normal pressure. 
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Acid centre 
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Figure 3 Relative areas of different acid 
centres on USYZ in dependences on tem¬ 
perature and pressure ( Lpy, Bpy and Bpy+LPy 
represent respectively Lewis centre, Brtpnsted centre 
and Lewis centre and Brtpnsted centre in common.) 


3.2. ZSM-5 

A higher activity and a lower coking tendency of ZSM-5 were shown at normal pressure [6], 
The highest benzene concentration was also observed at high temperature under normal pressure 
indicating an ability for dealkylation. Because of the low coking tendency of ZSM-5, 
investigations were performed under supercritical conditions only at two higher temperatures 
(623, 673 K). Figure 4 shows the conversion level vs. time on stream under supercritical 
conditions and at normal pressure. It can be seen that the degree of conversion at normal 
pressure is much higher than that at high pressure and the same temperature. The reason is the 
larger flow rate (450 Nml/min) at high pressure than at normal pressure (100 Nml/min). In 
order to keep the conversion level at higher flow rate, more acid centres of catalyst are required. 
This means that for a definite amount of catalyst the EB-conversion decreases with increasing 
flow rate. Owing to the weak coking tendency of ZSM-5 the supercritical fluid plays only a 
small role for the activity of ZSM-5. 

From Figure 4 it can be found that the activity of the catalyst and the coking tendency 
increase quickly with increasing temperature. By comparison of the coke contents formed on 
ZSM-5 at normal pressure with those under supercritical conditions (Figure 5), it can be deduced 
that at lower temperature (623 K) the ability of coke extraction is larger than the coking 
tendency under supercritical conditions. Inversely more coke occurred at higher temperature and 
at 60 bar. This implies that the coking tendency increases more quickly with increasing 
temperature under supercritical conditions than the ability of coke extraction. 

Figure 6 shows the concentrations of products vs. time on stream on ZSM-5 each at normal 
pressure and under supercritical conditions. It can be seen that at normal pressure the amount of 
benzene is much larger than that of DEB, particularly at high temperature. Under supercritical 
conditions the amount of benzene is yet slightly larger than the DEB amount only at high 
temperature (673 K). Both get closer slowly with time on stream. This illustrates that the 
supercritical conditions can improve the product distribution of EBD on ZSM-5. The side 
reactions of DEB to benzene and light alkane are strongly reduced at high pressure. This is 
because of the principle of Le Chatelier, on which the equilibrium of the dealkylation reactions 
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is shifted to the side of reactant by increased pressure. 
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Figure 4 Conversion level vs. time on 
stream under supercritical conditions and at 
normal pressure 


Figure 5 Comparison of the coke contents 
on ZSM-5 at normal pressure and in 
supercritical state 
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Figure 6 Comparing product concentrations on ZSM-5, a): at normal pressure; b): under 
supercritical conditions ( B, T, MEB and DEB represent respectively benzene, toluene, methylethylbenzene and 
diethylbenzene .) 

Figure 7 shows the relative areas of different acid centres on ZSM-5 in dependences on 
temperature and pressure. It can be found that the acid centres were less reduced at 623 K under 
supercritical conditions than those at normal pressure. Especially on Lewis centres the coking 
tendency is weak. This implies that the coke deposited on Lewis centres may be loosely built 
and can be easily removed by supercritical fluid. At 673 K the acid centres of ZSM-5 
disappeared almost totally. This indicates that coking tendency increases more quickly with 
increasing temperature than the ability of coke extraction. 
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Figure 7 Relative areas of different acid 
centres on ZSM-5 in dependences on 
temperature and pressure 


3.3. H-mordenite 

At normal pressure H-mordenite deactivated quickly only at 673 K and small molar feed 
fraction (Yebo=0.2) [6]. Thus, at high pressure and large molar feed fraction (Yebo=0.8) 
investigation on H-mordenite was performed only at high temperature. The experiment at 623 K 
and 60 bar shows a low conversion. Therefore an experiment was carried out at 623 K in the 
initial period and after about 60 minutes the temperature was raised to 673 K. The conversion vs. 
time on stream is shown in Figure 8 a). It can be found that on H-mordenite the EB-conversion 
is strongly dependent on temperature under supercritical conditions in a range of 623 - 673 K. 
The conversion at 673 K is much higher than that at 623 K and decreases slowly with time on 
stream. The large temperature dependency of the activity on H-mordenite can be attributed to its 
one-dimensional pore structure. This channel system prevents the diffusion of the reactant to the 
catalytically active inner-surface of the catalyst. This suggests that the internal mass transport 
plays an important role for the EBD on H-mordenite. The higher the temperature, the more 
reactants can achieve the catalytically active inner-surface of the catalyst. 




Figure 8 Conversion level vs. time on stream on H-mordenite, a): at lower temperature with 
temperature change; b): at higher temperature and different pressures 

As shown in Figure 8 b), the H-mordenite deactivated more quickly at normal pressure than 
under supercritical conditions. This means that the coke extraction from the coked H-mordenite 
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is also clearly larger under supercritical conditions. However the coking tendency is as well 
stronger at higher temperature (673 K). The slow deactivation of H-mordenite illustrates that at 
high temperature the coking tendency is a little greater than the ability of coke extraction. 

From Figure 9 one can see that there is no overall tendency for both acid centres as a function 
of pressure change. So Br()>nsted centres are reduced by coking at higher pressure, whereas 
Lewis centres are increased by coke extraction (compared with those at normal pressure). The 
coke content is practically identical for both experimental conditions. Therefore a displacement 
of reaction conditions into the supercritical range does not bring a coke decrement on catalyst, 
but only a different coke distribution on the special centres. From the comparison of conversion 
vs. time on stream (see Figure 8 b)) it is deduced that the Lewis-centres play the greatest role in 
the EBD. 
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Figure 9 Relative areas of different acid 
centres and coke contents on H-mordenite in 
dependences of pressure and of flow rate at 
673 K 


4. CONCLUSION 

The coke extraction by supercritical fluids is strongly dependent on the type of catalyst. The 
three-dimensional USYZ is easier accessible for the “solvent” than the two-dimensional ZSM-5 
and the one-dimensional H-modernite. For USYZ there is an optimal temperature, at which the 
supercritical fluid has the highest ability for coke extraction. For ZSM-5 the coke content and 
the rest of the acid centres of catalyst are strongly dependent on the temperature. At 623 K the 
acid centres decreased only about 5%, but at 673 K they were almost totally decimated. Due to 
the faint coking tendency of ZSM-5 the supercritical fluid plays only a small role for the 
regeneration of the catalyst. But the supercritical fluid can ameliorate the product distribution of 
the EBD on ZSM-5. For H-mordenite the conversion of EB is strongly dependent on the 
temperature in the range of 623 - 673 K because of its one-dimensional channel system. 
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Coking Mechanism of Zeolite for Supercritical Fluid Alkylation of Benzene 

Yong Gao, Yi-Feng Shi, Zhong-Nan Zhu and Wei-Kang Yuan* 

UNILAB Research Center of Chemical Reaction Engineering, 

East China University of Science and Technology, 

Shanghai 200237, P. R China 


Abstract Alkylation of benzene with ethylene over Y-type zeolite has been carried out 
under supercritical conditions. Two aspects of the reaction have been paid attention to: 
slowing down the deactivation rate and decreasing the by product selectivity. Experiments 
have revealed the existence of some coke precursors that are partly removed from the catalyst 
surface. By product xylenes are decreased and are explained due to high diffusivity in the 
supercritical fluid. 

Keywords: zeolite, coke precursor, supercritical fluid, deactivation. 


1. INTRODUCTION 

Catalyst deactivation due to coke formation is relatively speedy for a reactions such as 
alkylation of benzene to ethylbenzene over zeolite, particularly when the benzene to ethylene 
ratio is low. Another problem of this reaction is the formation of xylenes, the major by¬ 
products. Though their total amount produced in the process is very limited, they are harmful 
to the process because of the difficulty to remove them from the desired product ethylbenzene. 
Therefore, investigating the mechanism of catalyst coking is of practical significance for finding 
the potential ways for prolonging the reactor runtime and decreasing the xylenes selectivity. 


2. EXPERIMENTAL 

In order to study the catalyst deactivation phenomenon under supercritical conditions and 
the difference between the liquid phase (LP) and supercritical fluid phase (SCFP) reactions, 
experiments were carried out in an isothermal tubular reactor (D=12 mm, L=600 mm) packed 
with grounded Y-type zeolite pellets of 60 mesh. The experimental equipment for the LP and 
SCF reaction processes is illustrated in Figure 1. 

To take the catalysis properties and the fluids critical properties of the reactant mixtures 
into consideration, both LP and SCFP alkylation reactions were run under the conditions 
shown in Table 1 
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I compressor 

3 pressure controller 
5 one way valve 
7 reactor 
9 pressure gage 

II sampling device 
13 product tank 

15 feeder 


2 ethylene vessel 
4 flowmeter 
6 heater 
8 thermocouple 
10 condenser 
12 gas-liquid separator 
14 pump 
16 strainer 


Figure 1. Schematic of experimental equipment 

With the experimental data 1 ' 1 , the reacting temperature and pressure of the SCFP 
alkylation is above its critical point when the Benzene/Ethylene molar ratio is 4.5. 


Table 1. Reaction conditions forLP and SCFP 


Phase 

Temp., K 

Pres., MPa 

liflsnBWfeTai 

Catalyst, g 

Space velocity, hr' 1 

Remark 

LP 

523.15 

6.5 

4.5 

4.0 

1.3 

T<T, P>P 

C C 

SCFP 

548.15 

6.5 

4.5 

4.0 

1.3 

Q : 


3. COKE PRECURSOR DETERMINATION 

According to the coke formation process on the zeolite catalysts, side reations exists 
inevitably to a certain extent in the alkylation of benzene. Some of the by-products may deposit 
on the catalyst surface as coke precursors, and finally turn to coke. SCFP reaction operation is 
therefore considered for alkylation of benzene to remove the deposited coke precursors 
partially and slow down the coking process due to its high molecular diffiisivity 12 ' (100 times 
higher than that of liquid phase) and high solubility 131 (1000 times higher than that of gas 
phase). 

GC-MS (Hitachi M-80, Japan) was applied to determine the existing components in both 
alkylation products. Besides the main products ethylbenzene (EB) and diethylbenzene (DEB), 
triethylbenzene (TrEB) and tetraethylbenzene (TeEB) were found in the LP alkylation 
products. However, in the SCFP alkylation products, in addition to the LP alkylation products, 
2-ethylbiphenyl (EBP), 2,2-biethylbiphenyl (BiEBP) and 1,5,6-trimethylanthracene (TMA) 
were found, as shown in Table 2. Benzene as a solvent was used to dissolve the deposited 
component on partially deactivated catalyst. Trace amounts of EBP, BiEBP and TMA were 
also found in the solution to evidence the presence of the precursors. The authors suppose 
that EBP, BiEBP and DMA may be the coke precursors of the reaction which can be leached 
out from the catalyst surface under the SCF conditions, while in the LP alkylation the 
deposited precursors mainly stay on the catalyst surface and thus can not be found in the 
products. 

The authors also suppose that EBP, BiEBP and TMA may be the coke precursors of the 
reaction that are leached out from the catalyst surface under the SCF alkylation condition, but 
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not under the LP alkylation condition The latter allows these aromatics to stay on the catalyst 
surface where they gradually turn to coke. Similar results are obtained from analysis of the 
solutions in which components deposited on the partially deactivated catalyst surface are 
dissolved More aromatics of the mentioned above were found to exist on the LP used catalyst 
surface than on the SCFP used catalyst surface. Due to the much higher diffusivity (compared 
with liquid phase) and solubility (compared with gas phase) of the SCF, the catalyst 
deactivation can obviously be slowed down. 


Table 2. Names, structure and molecular weight for coke precursors 


LARGE MOLECULAR FOR LP 

LARGE MOLECULAR FOR SCF 

Name 

Structure 

Molecular 

Weight 

Name 

Structure 

Molecular 

Weight 

triethyl¬ 

benzene 

A 

162 

triethyl¬ 

benzene 

> 

rf 

162 

tetraethyl- 

benzene 


190 

tetraethyl- 

benzene 


190 


ethylbiphenyl 

00" 

182 

biethylbiphenyl 

"00‘ 

210 

trimethyl- 

anthracene 

Me 

218 


4. CATALYST TESTS 

To obtain the coking mechanism of zeolite catalyst for SCFP alkylation of benzene, two 
kinds of the zeolite used in LP and SCFP alkylation processes were analyzed by using the 
conventional catalyst analysis methods. Fresh zeolite is also analyzed for comparison. 

4.1. BET test 

The total specific surface and pore volume shown in Table 3 are determined 
(MICROMETERITICS ASAP-2400, USA). 


Table 3. The results of BET analysis for fresh and used catalysts 


Zeolite 

Fresh 

MlSinfen ffffliiraM 


Color 

White 

Gray 

Black 

Total specific surface(m 2 /g) 

606.95 

328.28 

108.22 

Volume (ml/g) 

0.3597 

0.2539 

0.1413 


Compared with the fresh catalyst, it was found that for the same reaction time, the SCF 
used catalyst has a less coverage than that of the LP used catalyst. 
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4.2. X-ray diffraction 

X-ray diffraction (RIGAKU D MAX/RB, Japan) is used to test the fresh and two used 
catalysts. Compared with the fresh catalyst, no obvious crystal structure change of the used 
catalysts is found. 

4.3. Scanning electron microscope observation 

The outer surface of the zeolite is observed by using a scanning electron microscope 
(CAMBRIDGE STEREOSCAN 250 MK3, England). Compared with the fresh catalyst, some 
foreign matter is found to be covered on zeolite surface in the LP alkylation, but slight 
coverage is observed in the SCFP alkylation. 

4.4. Transmission electron microscope observation 

Internal surface of the zeolite is also observed with a transmission electron microscope 
(JEM-1200, Japan). Similar phenomena to the results of scanning electron microscope are 
observed: coverage on the LP used catalyst and slight coverage on the SCFP used catalyst. 

4.5. Infrared spectrum analysis 

In order to observe the difference of functional groups between the LP used and SCFP 
used catalyst surface, infrared spectrum (FTIR 5SXC, USA) is applied. Results show that no 
obvious change appears. 

4.6. Element analysis 

Concentrations of carbon and hydrogen on the catalysts (fresh, LP used and SCFP used) 
surface are measured by using element analysis (Italy). It is found that SCF used catalyst has a 
lower carbon content than that of the LP used, shown in Table 4. 


Table 4 The results of element analysis 


Carbon Wt % 

Hydrogen Wt % 

Remark 

0.000 

0.000 

Fresh catalyst 

1.290 

0.107 

T=532K, P=6.5 MPa only fed benzene for 8 hours. 

14.400 

0.584 

T=532K, P=6.5 MPa only fed ethylene for 10 min. 

15.900 

0.578 

reaction in gas phase for 5 hours. T=735 K, P=1.8 Mpa. 

10.370 

0.393 

reaction in LP for 14 hours. 

6.810 

0.282 

reaction in SCF P for 60 hours. 


For a fresh catalyst, no carbon and hydrogen exist on its surface. With benzene as the 
reactant, hydrogen/carbon (molar) is close to unity. Under the same temperature and pressure, 
coke formation for the ethylene feeding is serious. With the Y-type zeolite, when the 
temperature increases in the gas phase alkylation, the coke is easily formed, with its 
concentration on the catalyst surface also high. The same result also appear for the LP 
alkylation after 14 hours, while the coke concentration in the SCFP alkylation is low even after 
55 hours. 
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5. CATALYST ACTIVITY TESTS 

5.1. Reaction phase 

Both LP and SCFP reactions are realized under conditions shown in Table 1 In the LP 
alkylation, ethylbenzene concentration in the product starts decreasing obviously after 12 hours. 
However, in the SCFP alkylation, the ethylbenzene concentration remained almost the same for 
about 55 hours. The activity changes of Y-type zeolite are shown in Figure 2. 

This fact shows that coke precursors are removed in the SCFP reaction So the SCFP 
operation possess some potential advantage to decrease coke formation and prolong the 
reactor runtime. 

5.2. Reaction temperature 

Several operating temperatures above the critical point of the reactant mixture are tested 
for the SCFP alkylation, shown in Figure 3. Experimental results show that higher temperature 
speeds up the deactivation. So the reaction temperature should be kept slightly higher than the 
critical temperature of the reactants mixture. 



0 10 30 » 40 » 60 0 I 3 J 4 J » 3 


Tone (l>) Tm “ ft) 

Figure 2. Relation between time and Figure 3. The influence of reaction 

concentration of ethylbenzene temperature on catalyst activity 

5. 3. Reaction pressure 

When the operating pressure is higher than the critical pressure of the reactant mixture, no 
obvious effect of the reaction pressure on deactivation is observed as shown in Figure 4, 
though a higher pressure is seemingly harmful, probably because the diffusivity under a high 
pressure is lower. 



Figure 4. The influence of pressure Figure 5. Experimental results of catalyst 

on catalyst activity activity recovery 
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5. 4. Activity recovery 

To explore the activity recovery possibility of deactivated catalyst, or the ability to remove 
the deposited species, special experiments are carried out, their results are shown in Figure 5, 
which express that almost no activity recovery can be expected. 


6. REACTION SELECTIVITY 

As another aspect in the alkylation of benzene with ethylene, side reaction selectivity is 
also a key problem. In this present case, xylenes are the major by-products of the reaction. The 
main products ethylbenzene and the by-products xylene are isomers with very close boiling 
points, which cause great difficulty in separation xylenes from ethylbenzene. 

Xylenes might be produced through isomerization of ethylbenzene as follows: 

C 6 H 6 +C 2 H 4 -> C 6 H 5 C 2 H s -> C 6 H 4 (CH 3 ) 2 

Since the side reaction is a consecutive one, higher diffusivity certainly benefits selectivity 
of the main product. With the same zeolite also used in LP alkylations, when operated under 
SCFP reaction conditions, no xylenes are found. 


7. CONCLUSION 

Based on the above experimental results and analysis, the main conclusions concerning the 
SCFP alkylation of benzene with ethylene over Y-type zeolite can be summarized as follows: 

(1) SCFP reaction is an efficient method to slow down the catalyst deactivation speed 
during alkylation of benzene with ethylene over Y-type zeolite; 

(2) Multi-ring components (regarded as coke precursors), such as EBP, BiEBP and TMA, 

lead to deactivation of the catalyst and finally provoke coke formation; 

(3) SCFP reaction has no activity recovery effect on deactivated catalyst; 

(4) SCFP reaction can decrease the selectivity of the series reaction caused by the by¬ 
products xylenes. 
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1. INTRODUCTION 

Oxidation in supercritical water (SCWO) to destroy potentially hazardous organic 
compounds is an emerging technology for which a broad technological knowledge base is not 
yet available. This gap should be filled as fast as possible if SCWO, in spite of its evident 
advantages, is to compete successfully against other technologies. Basic research projects in 
SCWO are time consuming and costly and should therefore be largely supported by the 
deduction of process parameters from early screening or prototype experiments with the help 
of computer techniques, such as extensive data logging and numerical simulation and possibly 
a combination of both. 

Experiments in our tubular SCWO reactors are described in [1], A model for SCWO in a 
Modar vessel reactor was published recently [2], This paper will describe our present work on 
a model for tubular flow SCWO reactors. Some numerical simulation results will demonstrate 
the use of the model to understand time dependent temperature instabilities. The paper also 
presents first results to derive process parameters from operational process data. 

2. FLOW AND REACTION MODEL 

As described in [1 ] the aqueous feed and the air feed are preheated separately and are 
mixed in the mixing chamber with the organic feed. The total mixed mass flow M feed (t) is 
assumed to constitute one single homogeneous phase even below the critical temperature. 
Density p and specific heat c p of feed and fluid within the reactor are calculated from tabulated 
values of the pure phases by smooth cubic interpolation [3]. Non-ideal mixing effects on 
density and specific heat are neglected. 

The temperature profile T(z,t) of the fluid at time t along the location z of the tube is 
approximated by neglecting radial effects 

dT d(u ■ T) d\D r -T) H c <b(z,t)+ 2k w (T w -T)/r 

dt dz dz 2 p(z,t)-c F (z,T ) *■ ^ 

with the axial velocity u(z,t) = M ree(i (t)/(7ir 2 p(z,t)). D T is the eddy thermal conductivity, H c the 
heat of combustion, k w the heat transfer coefficient and r the radius of the tube. T w is either 
the temperature of the sand bath or of the wall, if a simultaneous equation for the temperature 
profile of the reactor tube is included. For the rate ®(z,t) of organic oxidation 
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<D(z,t) = k 0 exp(-E a /(RT))c(z,t)O(z,t) (2) 

a first order lumped reaction is presently assumed with activation energy E a and organic 
concentration c(z,t). To allow for a simple way to simulate low oxidant concentrations 0(z,t) 
in cases where a zero order oxidant reaction is quoted in the literature [4], the factor 

0(z,t) = O feed - (stoichiometric oxidant demand) (c feed - c(z,t)) (3) 

is included. It is close tol for a large oxidant excess but reduces <I> in the case of oxidant 
depletion. 

The organic concentration c(z,t) is calculated simultaneously from 


dc 

It 


d(u-c) d 2 (D c -c) 
dz dz 2 


0(c,T) 


(4) 


with D c the eddy diffusivity. 


3. INTEGRATION PROCEDURE 

The partial differential equations of the previous section are numerically solved. In order to 
minimize the number of spatial pivots required for a given accuracy, a central differences 
scheme was chosen. For certain flow problems the results may become unstable and the 
algorithm then allows for a smooth transition to one-sided differences with the penalty of an 
increased local error which has to be compensated by a larger number of pivots. 

To further increase accuracy without an increase of computer time the mesh density of 
spatial pivots may vary non-uniformly. This allows a higher mesh density at locations where 
the spatial gradients are larger. When a parameter estimation procedure is superposed, the 
mesh points can be chosen at exactly those positions where experimental data (e.g. wall 
temperatures) are taken. 

The boundary conditions of the parabolic differential equations at the feed point z=0 and at 
the exit z=L are of the type 


[d(D T T)/dz] z=0 = [uT] z , 0 - [uT] feed and [d(D T T)/dz] z . L = 0 respectively. (5) 

Integration of the resulting system of ordinary differential equations is called once for the 
desired time interval from the interpreter module of our interactive data acquisition and 
modeling software VISCO [5], 


4. PARAMETER ESTIMATION FROM OPERATIONAL DATA 

The standard method of least-square fitting the model parameters from experimental data is 
only applicable if the deviation of estimated parameter-based model results from measured 
data can be explicitly calculated. To obtain the matrix of model error changes with the 
individual changes of each parameter for series of time dependent data points as measured in a 
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dynamic process requires the repeated solution of the model equations given above for each 
iteration of the estimation procedure. The main problem is to control the error propagation 
induced by the numerical procedure when approximating the model results for a series of 
measured data sets at different time intervals. The spatial mesh with pivots at least at the 
locations of the temperature sensors and a time step control of the integrator to match exactly 
the times when data are taken avoid additional interpolation errors. A Marquard algorithm is 
called once for each iteration from the interpreter of VISCO. Any changes in the model, in the 
selection and weighing of data or the sequence of estimation control are performed 
interactively by the interpreter. 

5. RESULTS AND DISCUSSION 

Figure 1 shows an example of the time development of the spatial profiles of Ethanol 
concentration, temperature and fluid velocity for a 1 Om reactor tube with E a =340 kJ/mol and 
k 0 =6.46E21/sec [6], Heat transfer is kept constant at 4kJ/s/m 2 /K. Steady state is reached at 
about lOOsec. The bath temperature of 500°C is too low for complete oxidation under these 
conditions. Pivot spacing increases with reactor length and the axial mixing coefficients D are 
0.5m 2 /sec. The fluid velocity is constant beyond z=2m. 



Figure 1. Ethanol concentration (left), temperature (mid) and fluid velocity (right) as functions 
of reactor position. 0.25 kg/h Ethanol, 10 kg/h water and 10.4 kg/h air enter at 0 m with 
300°C, bath temperature T W =500°C, r=0.004 m. Symbols 0 after 1 sec, 1 after 3 sec, 2 after 
12sec, 3 after 1000 sec. 

The effects of axial mixing and of overall heat transfer are shown in figure 2, where the 
curves 1 and 2 show the steady state profiles at zero axial mixing, while curves 0 and 3 are 
calculated with D=0.5m 2 /s. Curves 2 and 3 are calculated from the temperature dependent 
overall heat transfer coefficients of [4] which are higher than the value of 4kJ/s/m 2 /K used for 
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curves 0 and 1. It is interesting to note that the higher temperatures of curves 2 and 3 which 
are calculated with the larger heat transfer coefficients result in a poorer oxidation of Ethanol 
than curves 0 and 1. This is due to the large increase of fluid velocities with temperature 
beyond the critical temperature which leads to shorter residence times close to the feed point. 
Beyond z=2m temperatures and velocities are almost constant. 

The values of axial mixing coefficients D and overall heat transfer coefficients are 
typical values derived from applying the parameter estimation procedure on operational data 
of the reactor transient temperatures during start-up and shut-down. Mass flow, composition 
and temperature of the feed are linearly interpolated in the time intervals between data 
samples used for estimation. Transient temperatures are measured at 5 locations along the 
reactor. Convergence of the estimation procedure is fast for the model with one common 
temperature profile for fluid and tube wall. Preliminary results for D vary in the range of 
about 0.1 to 2 m 2 /s and correspond to Peclet numbers of the order 0.04 to 0.002; Reynolds 
numbers are between 15000 and 30000. is found in the range 0.5 to about 10 kJ/s/m 2 /K. No 
systematic evaluation was conducted up to now. In particular, the parameters given above 
were obtained under the assumption to be constant over temperature ranges of up to 100°C. If 
the general temperature dependence of kJT) is taken from [4], for our particular reactor tube 
this results in a slightly better least-square deviation with a scale factor of 0.3 and 0.5 
compared to the original. 



calculated with D=0.5m 2 /sec. Symbols 0 and 1 at constant k w =4kJ/s/m 2 /K, symbols 2 and 3 
with the temperature dependent heat transfer coefficient of [4], T W =500°C. 

One objective of this work is to calculate fluid temperatures inaccessible to direct 
measurement from the model equations by synchronizing the model with the real time process 
via the measured wall temperatures. For this purpose the individual heat transfer coefficients 
between fluid and wall k^ and between wall and sand bath k s have to be determined. First 
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estimation tests seem to indicate k w to be about one order of magnitude larger than k s 
At present error control still requires time steps for integration which are too small for 
practical purposes. 

The effect of variations in fluid velocity is one possibility to explain local fluctuations of 
temperature observed occasionally in our experiments. Figure 3 shows the limiting non steady 
state profiles of a stationary oscillation with a period of 1.6 sec at z»6m. The oscillation 
becomes possible when a positive temperature gradient in flow direction meets unreacted 
organic and if dissipation of reaction heat is insufficient. Then the reaction rate increases and 
within fractions of a second the local temperature rises which again leads to a higher reaction 
rate until the organic depletes locally or the local fluid velocity becomes high enough to 
dissipate the heat. Local temperature then drops again. Without countermeasures the flow will 
supply fuel again until its concentration is large enough to restart the cycle. If the oscillation 
occurs close enough to the exit of the reactor large changes of product quality may result. 



Figure 3. Local temperature oscillations at T W =528°C and k w =0.75kJ/s/nf/K. Symbols 0 are 
the initial profiles and symbols 1 the profiles at the maximum temperature 1.6 sec later. 

The range of conditions where local oscillations occur may be rather narrow. While in 
figure 3 the temperature of the sand bath T w was kept at 528°C, T w was set to 534°C in 
figure 4. The reaction rate is locally increased leading to a higher temperature and finally to a 
depletion of organics. More heat is generated than can be dissipated with the downstream flow 
and by transfer to the thermostat and a hot zone starts to travel upstream. Within the frame of 
this model peak temperature increases while the peak is moving since organic concentrations 
are higher close to the feed point. In the order of seconds the reaction front moves toward the 
feed point. Now either the reactor is destroyed or the reaction is quenched by the lower 
temperature feed flow. This may be a stable situation and the product is fine. Or unreacted 
fuel is transported downstream again and reaction rates increase when the temperature rises 
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downstream. Instances of oscillations with a traveling hot spot were observed in the course of 
the simulations and possibly also in some of our experiments. 



Figure 4. Dynamic profiles of a reaction zone moving upstream at T W =534°C, 
k w =0.75kJ/s/m 2 /K. Symbols 0 are 6.7 sec after start of maloperation, symbols 1 after 7.2 sec 
and symbols 2 after 14 sec. 


CONCLUSIONS 

A simple model of lumped kinetics for supercritical water oxidation included in the partial 
differential equations for temperature and organic concentrations allows to qualitatively 
simulate the dynamic process behavior in a tubular reactor. Process parameters can be 
estimated from measured operational data. By using an integrated environment for data 
acquisition, simulation and parameter estimation it seems possible to perform an online 
update of the process parameters needed for prediction of process behavior. 
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The synthesis as well as the recycling and disposal of halogenated compounds such as 
Polyvinylchloride (PVC), flame retardants (for example Tetrabromobisphenol A), y- 
Hexachlorocyclohexane (y-HCH), Hexachlorobenzene (HCB) leads to the formation of 
byproducts and residues. Polymers, for example, as well as printed circuit boards or 
shredder residues include problematic substances which, for ecological reasons, cannot 
be passed on to the environment but have to be supplied to a specific and proper 
recycling or disposal process. Prior to this background so called "Supercritical Fluids" 
are of special interest. Supercritical fluids can be used for the synthesis of polymers in 
an enviromentally friendly way as well as for recycling and disposal processes. 


1. PRINCIPLE OF SCWO 

This paper deals with the degradation of substances like PVC, Tetrabromobisphenol A, 
y-HCH and HCB in supercritical water. This process is called "Supercritical Water 
Oxidation", a process which gained a lot of interest in the past. The difference 
between subcritical and supercritical processes is easy to recognize in the phase 
diagram of water. The vapor pressure curve of water terminating at the critical point, 
i.e. at 374 °C and 221 bar. The relevant critical density is 0.32 g/cm 3 . This corresponds to 
approx. 1/3 of the density of normal liquid water. Above the critical point, a 
compression of water without condensation, i.e. without phase transition is possible. It 
is within this range that supercritical hydrolysis and oxidation are carried out. The 
vapor pressure curve is of special importance in subcritical hydrolysis as well as in wet 
oxidation. 
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The operating pressure is obtained from the vapor pressure and the partial pressure of 
the gaseous educts and products. In this process, the temperatures applied are 
between 150 and 500 °C. In recent times, supercritical fluids have attracted a great deal 
of attention as potential extraction agents and reaction media in chemical reactions. 
This has resulted from an unusual combination of thermodynamic properties and 
transport properties. As a rule supercritical reactions like hydrolysis or oxidation are 
carried out in water. Above the critical point of water, its properties are very different 
to those of normal liquid water or atmospheric steam. 

The following properties of supercritical water are of special interest: 

• Complete miscibility with organic compounds 

• Complete miscibility with air or oxygen 

• Complete miscibility with gaseous reaction products 

• Low solubility of inorganic compounds 

A sudden increase in hydrocarbon solubility can be reckoned within the critical 
temperature an pressure range. Aromatic hydrocarbons dissolve at lower temperatures 
than aliphatic hydrocarbons. 

The solubility of inorganic compounds, such as e.g. salts, decreases in the same way as 
the solubility of organic compounds in the supercritical state increases. This decrease is 
combined with the decrease of the dielectric constant of water. The supercritical water 
oxidation process is described in the following figure. 


SUPERCRITICAL WATER OXIDATION 


Waste 

C, H, O, N, P, S, Cl 
Water 
Oxygen 


Reactor 


Reaction products 

p > 22.1 MPa 


h 2 o 

T > 374 °C 


co 2 , n 2 



h 3 po 4 , h 2 so„, hci 


Figure 1 : SCWO - Process 


Waste characterized by the following elements i.e. carbon, hydrogen, oxygen, 
nitrogen, phosphorus, sulfur and chlorine would be oxidized in the presence of oxygen 
and water at temperatures above 374 'C and pressures above 221 bar in a batch- 
reactor to the following reaction products: water, carbon dioxide, nitrogen, 
phosphorus acid, sulphuric acid and chlorine acid. 
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2. EXPERIMENTAL ASSEMBLY 

Figure 2 shows the construction of the apparatus for examining hydrolysis and 
oxidation reactions in sub- and supercritical water. The reaction vessel is made of a 
high-strength and corrosion-resistant Cr-Ni-Mo-steel. The available interior volume 
reaches from 0.2 to 2 liters. This autoclave can be used for temperatures up to 600 °C 
and pressures up to 1000 bar. At the top the reaction vessel is sealed with a conical 
tightening piston. A rotary permanent magnet unit is supported on axial and radial 
bearings in a pressure tight housing screwed onto the autoclave lid. An outer unit of 
the same magnetic material is driven mechanically. The inner magnet unit is connected 
with the stirrer. The piston is perforated and communicates with the manometer or 
pressure transducer, the safety valve and the expansion valve. Via the expansion valve 
the autoclave is connected with the sample removal apparatus. Through another 
opening thermocouples can be introduced. 



Figure 2 : SCWO-Autoclave 
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3. CHARACTERISATION OF REACTION PRODUCTS 

The knowledge of the various reaction products is important for the judgement of the 
destruction efficiency of the hydrolysis process. Therefore all phases involving the gas 
phase, the aqueous solution and the solid residue were thoroughly analysed. The 
following species and values were determined. 

Gas phase: 


* H 2 , 0 2 , N 2 , CH 4 and CO, C0 2 , ,C 2 H 6 and C 3 H 8 : with GC-TCD 

* Br 2 , Cl 2i HBr and HCI with Draeger® adsorption tubes. 


Aqueous solution: 

* Br', Cl and HC0 3 anion exchange chromatography with electrical conductivity 
detector 

* Liquid-liquid-extraction with toluene, GC-MSD-Screening of halogenated 
components 


Solid residue: 

* CH-analysis (Leybold Heraeus) 

* Determination of Br- and Cl-content 

* IR-spectra of KBr-pellets (FT-IR NICOLET 60SX) 


4. RESULTS 


PVC: 

Investigations on the break-down of PVC at 150 °C have shown that less than 1 % of 
the organically bonded chlorine can be split off the polymer chain. The basic polymer 
chain is not destroyed in doing this. When alkaline hydrolysis is carried out in the 
supercritical range, e.g. at 500 °C, we find over 93 % of the organic bonded chlorine in 
the aqueous phase after the reaction. In this process the principal polymer chain is also 
decomposed. The main products are hydrogen and carbon dioxide, with methane and 
C 2 -hydrocarbons occurring as secondary products. By the addition of an oxidizing 
agent, a complete breakdown to C0 2 and H 2 0 is possible. Under supercritical water 
oxidation conditions we found more than 99 % of the organic bonded chlorine in the 
aqueous phase. A formation of chlorine, hydro-gen chloride and dioxines as in thermal 
decomposition was not observed. 

Tetrabromobisphenol A: 

First results have shown that flame retardants like Tetrabromobisphenol A break down 
in supercritical water to form carbon dioxide, hydrogen and inorganic bromide. 
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At temperatures above 500 °C more than 90 % of the organic bonded bromine was 
converted into bromide. By adding oxygen complete breakdown to carbon dioxide, 
bromide and water is possible. Under supercritical water oxidation conditions more 
than 99 % of the organic bonded bromine was found in the aqueous phase. A 
formation of bromine, hydrogen bromide and dioxines as in thermal decomposition 
was not observed. 

After treatment of shreddered printed circuit boards we received the following results: 
The brominated epoxy resin has been oxidized to carbon dioxide, water and bromide. 
Glas fibers and residual metals are not changed through this process. The weight 
reduction was approx. 50 %. 

With these results we are able to adapt the SCWO-process together with industrial 
partners to printed circuit boards and shredder residues. Our strategy consists in the 
oxidation of organic components to recovprocess energy, the recovery of inert 
components e.g. metals and glas fibers and the recovery of bromine. 


y-HCH, HCB: 

The most influential parameter on the reaction products is the reaction temperature. 
Under subcritical conditions only a hydrolytic separation of 80 % (y-HCH) respectively 
60 % (HCB) of the chlorine atoms was detected. In supercritical water the 
decomposition of the organic attached chlorine in y-HCH and HCB into inorganic 
chloride amounts more than 99 % Cl at 500 °C. In parallel there is a considerable 
decomposition of the hydrocarbon framework mainly to water soluble hydrocarbons 
and to gaseous products like carbon dioxide. SCWO conditions leads to a completely 
decomposition of theese compounds into environmental friendly reaction products 
without the formation of Cl 2 , HCl and dioxines. 


Conversion ratio [%) 



oi— _,_ l _ j _ T _ T _I 

150 200 250 300 350 400 450 500 


Temperature [°C] 


halogcmatcd hydrocarbons 

* HCB •HCH * PVC * TBBA 


Figure 3 : Supercritical Water Oxidation of Halogenated Hydrocarbons 
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5. CONCLUSIONS 

The SCWO-Process in particular demonstrate a number of highly notable advantages. 
These can be summarized as follows: They are suitable for organic waste materials 
containing little water and waste waters containing few organic substances. 

The reactions take place in a closed system. The organics are oxidized in a controlled 
but rapid reaction. A single-phase reaction system is involved. Air, oxygen or hydrogen 
peroxide can be used as oxidizing agents. The reaction times are shorter than those 
involved in wet oxidation by a magnitude of one. The reaction temperature is lower 
than that found in incineration. The basic hydrocarbon structure is oxidized to carbon 
dioxide and water. The carbon dioxide could be used in a different step as a solvent for 
extraction. Halogens, sulfur and phosphorus are converted to the corresponding 
mineral acids. Nitrogen is for the most part converted to molecular nitrogen. 

The next figure shows some possible application fields for the SCWO-process 


Plastics and additives 

- halogenated plastics 

- flame retardants 

- plasticizers 


Organic materials 

- pesticides 

- pharmaceuticals 

- solvents 

- dyes 


Energetic materials 

- explosives 

- pyrotechnics 

- gas generators 




Waste water 

- effluents from textile or 
paper industries 

- leachate 

- cutting fluids 


[ scwo ) 

I 

Sewage sludge 


- municipal 

- industrial 


Contaminated soil 

- mineral oil 

- halocarbons 


Figure 4 : Application Fields for the SCWO-Process 
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Determination of the Volumetric Gas-Liquid Mass Transfer 
Coefficients at Pressures up to 5 MPa 
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Grandville, B.P. 451,54001 NANCY Cedex, France 


1. INTRODUCTION 

Many processes of gas absorption with chemical reaction are set up at high 
pressures, result of technical and/or economical requirements. That is, for 
example, processes of hydrocracking and hydrorefining of heavy oils and 
processes of oxydation of liquid effluents. However, if many chemical systems are 
found to determine the mass transfer parameters in an industrial reactor at 
atmospheric pressure by using the chemical method, they become scarce at 
elevated pressures. Several physical and chemical methods have been proposed; 
chemical methods present some severe drawbacks, since one has to replace the 
gas-liquid system of interest by another one, presenting different physical 
properties (specially a different coalescence behaviour). 

The principle of the physical absorption technique we used, is based on the 
continuous observation of the absorption kinetics of a solute gas by following the 
total pressure in the gas phase of a stirred reactor closed to both phases 
(manometric method). This physical technique was first described by Teramoto et 
al. [1]; these authors used it to determine the liquid side mass transfer coefficient 
kL,a . This technique was then employed with success at high pressures and 
temperatures by different authors [1-6]. For this reason we have selected this 
method to determine the liquid side as well as the gas side mass transfer 
coefficient kGa. 

2. EXPERIMENTAL SET-UP 

The experimental set-up [7] is shown in figure 1. The main parts are the 
reactor and the gas mixing chamber, where temperatures are kept constant at 
30°C using two thermostatic bathes. Owing to the selected manometric method, 
we only need measurements of total pressure versus time and in case of diluted 
C0 2 , of the gas phase composition (gas chromatography). Pressures, gas 
compositions and temperatures are automatically recorded versus time. 

The physical absorption of CO 2 (pure or dilute in N 2 ) into pure water is 
experimented; the operating parameters are the total pressure which was varied 
within the range of 0.5 to 6 MPa, the CO 2 partial pressure from 0.1 to 2.5 Mpa 
and finally the stirring speed from 50 to 150 rpm. 
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A schematic diagram of the reactor is presented in figure 2. The stirred 
reactor is closed to both the gas and the liquid phases with a plane interface. The 
stirring system consists of an impeller in the gas phase, three impellers in the 
liquid and a special interfacial impeller which increases the liquid side mass 
transfer coefficient k L a [7], 



Figure 1. Schematic diagram of the experimental set-up. 



1 : Magnetic stirrer 

2 : thermocouples 

3 : gas phase impeller 

4 : interfacial impeller 

5 : liquid phase impeller 

6 : baffles 

7 : heat exchanger coil 
8: sampling orifice 

9 : gas feed 

10 : liquid feed 


Figure 2. Scheme of the reactor 

For purpose of calculations, physical properties of the liquid phase are 
considered independent of pressure (specific mass, viscosities and diffusivities). 
Concerning the gas phase, it is clear that these properties are functions of the 
pressure: compressibility factors and fugacity coefficients are calculated by the 
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Redlich-Kwong equation of state [8]. Solubilities of carbon dioxide into different 
liquids were determined experimentally [7], and can be well-represented by the 
equation of Krishevsky-Ilinskaya [9]. 


3. LIQUID SIDE MASS TRANSFER COEFFICIENT 

3.1 Experimental determination of k]_,a 

Mass transfer coefficients k L a have been measured by experiments of pure 
CO 2 absorption into water. The mass balance and the classical expression of the 
absorption flux lead to the following expression [7]: 


0 

f 1 \ 

f V G 

d(P/Z) N | 

(Ci-C) “ 

U c i- c )J 

l rtv L 

dt J 


where C is calculated from the mass balance equation (closed reactor) and Ci 
from the equilibrium relationship. 

From the experimental pressure versus time curve, the derivative is 

calculated at every time; a plot of the absorption flux 0 versus the concentration 
difference (Ci - C) leads to a straight line whose slope gives directly kLa. 

3.2 Influence of the total pressure 
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Figure 3. Influence of total pressure on the liquid side mass tranfer coefficient. 

Experimental values of kLa are plotted versus the total pressure for three 
values of the stirring speed (figure 3). It is clear that kpa is independent of 
pressure and only depends on the system's hydrodynamics, as it could be 
expected since pressure has no influence on the liquid properties. 
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3.3 Influence of the stirring speed 

kL,a increases with the stirring speed (figure 4) . It is possible to correlate 
these results by using a modified Sherwood number ShL* and a liquid Reynols 
number ReL such as: 

Sh L *=^ 5 ~ and Re L = 

A plot of ShL* versus ReL in logarithmic coordinates (figure 5) leads to the 
following correlation: 

Sh L *= 3.84 10-3 Re L l-33 
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Figure 5. Correlation ShL* vs ReL 


1 1 1 

IrT « {*, 1 


/ 









1 

/ 









I' 









N 

[rpi 

n) 

_ 


4. GAS SIDE MASS TRANSFER COEFFICIENT 

4.1 Experimental determination of kca 

Experiments of physical absorption of C0 2 diluted with N 2 into pure water 
allow to measure gas side mass transfer coefficients. In this case, we measure the 
total mass transfer resistance (liquid+gas), using the method for the kLa 
determination (& 3.1). Knowing the liquid resistance, we can then calculate the 
gas side one. The pressure of interest in this case is the partial pressure of C0 2 , 
which is obtained by simultaneous measurements of total pressure and molar 
fraction of C0 2 versus time. 

4.2 Experimental results and discussion 

Experimental values of kga are plotted versus the total pressure in figure 
6 for three values of N. It appears clearly that kGa increases with the stirring 
speed and decreases with the total pressure. 
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Figure 6. koa vs P Figure 7. kca.P vs N 

In figure 6, slopes of the straight lines obtained for the different values of 
the stirring speed are nearly equal to unity ; in figure 7, the product koa P is 
plotted vs the stirring speed, where scattering of the data is mainly due to the 
experimental precision. It can be then concluded that koa is inversely 
proportional to the total pressure, this is also obtained if we look at the variation 
of instantaneous kGa versus pressure during one experiment. This behavior 
leads to the fact that ko is directly proportional to the diffusivity coefficient of 
CO 2 (a being constant, which corresponds to a plane interface), this result is in 
accordance with the double film theory of Whitman. Versteeg et al. [10] obtained 
results corresponding to the penetration theory, that is, koa proportional to 
Dq 0,5 - Their experimental system was quite different from ours with a range of 
pressure within 0,13 to 1 MPa. 



From an hydrodynamical point of 
view, koa is related to the liquid 
motion at the interface; hence, 
results have been correlated using 
the liquid Reynolds number Rei, 
leading to the following 
correlation with a mean standard 
deviation of 30% (figure 8): 

S1ig*= 1.43 10' 5 ReL 1 -^ 

with gbp-.*^ 


Figure 8. She* vs ReL 
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5. CONCLUSION 

The physical absorption technique (manometric method) is suitable to 
determine the liquid side volumetric mass transfer coefficient as well as the gas- 
side one. Results show that ki^a is independant of pressure and depends mainly 
on the system's hydrodynamics and secondly, that kga is inversely proportional 
to the total pressure and can be related to the liquid Reynolds number. 
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NOMENCLATURE 

C liquid phase concentration of CO 2 (mol nr 3 ) 

D diameter of the interfacial impeller (m) 

D diffusivity (m 2 s _1 ) 

k(ja gas side volumetric mass transfer coefficient (mol Pa -1 nr 3 s _1 ) 
k L a liquid side volumetric mass transfer coefficient (s _1 ) 

N stirring speed (s' 1 ) 

P total pressure (Pa) 

R gas constant (Pa m 3 mol -1 K _1 ) 
t time (s) 

T temperature (K) 

V volume (m 3 ) 

Z compressibility factor (-) 

<J> absorption flux (mol s' 1 nr 3 ) 

p density (kg nr 3 ) 

p dynamic viscosity (Pa s) 

subscripts 

G relative to gas 

i value at the gas-liquid interface 

L relative to liquid 
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Cloud-Point Curves in Ethylene-Acrylate-Poly(ethylene-co-acrylate) Systems 
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Lehrstuhl fiir Technische und Makromolekulare Chemie, 
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Understanding of phase behavior in ethylene - polar comonomer - copolymer systems 
within extended ranges of pressure, temperature, copolymer composition, monomer and 
polymer concentrations, and of polymer size and architecture are of key importance toward 
modeling and optimizing high-pressure ethylene copolymerizations. Reactions of ethylene 
with polar monomers, such as acrylic esters, are carried out at conditions similar to those of 
the ethylene homopolymerization up to about 300 °C and 3000 bar. The phase equilibrium 
thermodynamics and the copolymerization kinetics need to be simultaneously known for a 
detailed understanding of these processes within an extended fluid range as monomer conver¬ 
sion, copolymer properties and phase behavior are intimately linked together. Moreover, in¬ 
formation about phase behavior is required to design the separation process. 

Investigations into the cloud-point behavior of high-pressure ethylene homo- and copoly¬ 
mer systems under conditions close to the ones in technical processes have primarily been 
performed by the groups of Luft [1,2], McHugh [3,4,5,6], Ratzsch [7,8,9,10] and Radosz 
[11,12,13]. Within these studies cloud-points are measured in systems prepared from well 
characterized copolymer material which is dissolved in ethylene (and also in a few other flu¬ 
ids). With the exception of the study by Luft and Subramanian [11 the solvent did not contain 
the comonomer which makes the situation clearly different from the one in the technical proc¬ 
ess. Another restriction in the existing phase behavior studies relates to the appreciable time 
required for dissolving the polymeric material and for heating the system to the experimental 
pressure and temperature conditions. During this time interval polymerization may occur giv¬ 
ing rise to changes in copolymer composition and concentration. If inhibitor is added to pre¬ 
vent polymerization, this component may influence the phase behavior, in particular at higher 
temperatures where significant amounts of inhibitor are required. To eliminate these prob¬ 
lems, a novel experiment has been deviced where copolymer is produced in a continuously 
stirred tank reactor (CSTR1) and the reaction mixture is directly fed into a second autoclave, 
CSTR2, equipped with a sapphire window for visual observation of the internal volume. Un¬ 
der stationary copolymerization conditions in CSTR1, p and T of the mixture in CSTR2 are 
varied and the cloud-point p- 7-curve is mapped out for a particular reaction mixture produced 
at constant polymerization conditions (constant /?, T, monomer feed and monomer conversion) 
in CSTR1. The overall assembly is highly flexible as copolymer concentration, polymer size 
and structure may be systematically changed by varying the reaction conditions in CSTR1. 
Figure 1 presents a scheme of the experimental setup. 
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CSTRI. copolymerization reactor 
continuously supplying the clhylene- 
comonomer-copolymer mixture 



polymerization quenched by 
temperature decrease 



online 

FT-IR/NIR 

analysis 



pressure release, 
precipitation of copolymer 



CSTR2, variation of 
temperature and 
pressure yields cloud- 
point data for the 
mixture produced in 
CSTRI 




online video 
monitoring 


Fig. 1: Schematic view of the experimental setup 


The two autoclaves, CSTRI and CSTR2, each of about 50 cm 3 internal volume are virtu¬ 
ally identical. The design of these reactors which may be operated up to 300 °C and 3000 bar 
is presented in more detail elsewhere [14]. Copolymerization within CSTRI has been carried 



177 


out under conditions of ..thermal initiation" that is without using any chemical or photochemi¬ 
cal initiator. The advantage of this type of initiation consists in the ease by which polymeriza¬ 
tion behind CSTR1 may be stopped by reducing the temperature. Via Fourier-Transform in¬ 
frared/near infrared analysis in a simple transmission type optical high-pressure cell [15] both 
monomer concentrations and ethylene and acrylate units within the copolymer may be deter¬ 
mined under high pressure high temperature conditions. The spectroscopic analysis is used to 
monitor stationary reaction conditions in CSTR1. Via the special pressure release valves 
which were constructed and built in the mechanical workshop of the Gottingen institute, pres¬ 
sure may be varied in CSTR1 and CSTR2. Cloud-point data are determined by changing the 
CSTR2 pressure at constant temperature. To map out one cloud-point curve, this procedure is 
repeated at several CSTR2 temperatures. During the measurement of one such cloud-point p- 
T- curve, the copolymerization reactor CSTR1 provides an identical ethylene-comonomer- 
copolymer mixture. 

Figure 2 shows a series of cloud-point curves determined for the system ethylene-2- 
ethylhexyl acrylate-poly(ethylene-co-2-ethylhexyl acrylate). Each cloud-point curve corre¬ 
sponds to one stationary copolymerization condition in CSTR1. The compositions and con¬ 
centrations referring to the five monomer-polymer mixtures, including one ethylene ho¬ 
mopolymerization reaction (Experiment 1), are listed in Tab. 1. Fa is the concentration of the 
acrylate units within the copolymer (in mole-%),/ P and / A denote the concentrations of poly¬ 
mer and of acrylate monomer in the monomer-polymer mixture, respectively. As can be seen 
from Fig. 1 and from Tab. 1, increasing acrylate content in the copolymer lowers the cloud- 
point pressure. 


N° F.\ / mole-Vr 


Tab. 1: Composition and concentration data 
of the monomer-polymer mixtures of the in¬ 
dividual cloud-point curve experiments 


Similar observations have been made by Byun et al. [16] on ethylene-poly(ethylene-co- 
butyl acrylate) systems. It should be noted from Tab. 1 that, in addition to Fa, also /a changes 
in a systematic way within the series of cloud-point curves in Fig. 2. In order to allow for an 
investigation of the individual effects of copolymer composition Fa and of residual monomer 
content /a, the experimental set-up in Fig. 1 has been extended to enable the introduction of 
additional comonomer directly into CSTR2. By this modification, f\ may be independently 
varied under conditions of F a being kept constant and being given by the stationary polymeri¬ 
zation conditions in CSTR1. Based on the idea of a separation of the (stationary) production 
of the monomer-comonomer-copolymer mixture from the cloud-point determination in a sec¬ 
ond autoclave, promising aspects for a study of the individual influences of concentrations and 
compositions of monomer and copolymer on the cloud-point behavior in ethylene-acrylate 
systems are foreseen. Measuring and modeling of these individual contributions is underway 
in our laboratory. 
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Fig. 2: Cloud-point curves for the system ethylene-2-ethyl-hexyl acrylate- 
poly(ethylene-co-2-ethylhexyl acrylate). The compositions and concentra¬ 
tions of the individual experiments are listed in Tab. 1. 
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Continuous Extraction of Contaminated Soil with Supercritical Water 

A. Firus, G. Brunner 3 

3 TU Hamburg-Harburg, Thermische Verfahrenstechnik, EiBendorfer Str. 38, 21073 Hamburg, 
Germany 


1. SUMMARY 

A new apparatus was built for continuous extraction of contaminated soil with supercritical 
water (T c = 647 K, p c = 22.1 MPa). Extraction times could be reduced to 28 s at operating 
conditions of 663 K and 24 MPa (0.5 wt% soil in water). 


2. INTRODUCTION 

During the last 2 decades supercritical water oxidation has become an established 
technology and was investigated by several research groups [e.g. 1,2], but literature data is 
scarce when solid matter is involved [3], 

Supercritical fluids are unique solvents and reaction media due to liquid like density and gas 
like viscosity. Diffusion is not limited by any interface. Under ambient conditions hydrocarbons 
and water are nearly unmiscible. Phase equilibrium changes significantly in the supercritical 
region of water (T c = 647 K, p c = 22.1 MPa). Hydrocarbons and supercritical water become 
miscible at any ratio, whereas supercritical carbon dioxide and hydrocarbons still have a broad 
miscibility gap [4]. 

The application of supercritical fluids for decontamination of soil material was often 
investigated with carbon dioxide (T c = 304 K, p c = 7.3 MPa) as solvent [5]. Weber [6] found 
out, that C0 2 is a weak solvent compared to water if soil material is used, which is weathered 
for many years. The suitability of supercritical water for decontamination of soil material could 
be proofed by several semibatch extraction experiments [7]. At operating conditions of 653 K 
and 25 MPa extraction results of hydrocarbons from soil material are excellent, even if it is 
weathered for more than 20 years, the content of contamination is high (19 %) and the amount 
of fine particles (< 63 pm) is large (99 %). Just this kind of soil material, often the uncleaned 
effluent of a soil washing process, can not be further decontaminated by biological treatment 
due to the high content of silt and hydrocarbon contamination. It must be incinerated or 
deposited. With semibatch extraction after 6 h all of the initial contamination could be removed 
from the soil material. Extraction results are excellent, but extraction times are long. In order 
to shorten clean-up times the extraction process has to be operated continuously. 
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3. APPARATUS 



Figure 1: Flow sheme of continuous extraction apparatus: a magnetic stirrer, ft feed vessel, c membrane 
pump, d buffer vessel, e ,/preheater (28 ml), g extraction pipe (38 ml), ft cooler, i flask, j C02- 
meter, k evacuated glass vessel 


A new apparatus was built for continuous extraction experiments with contaminated soil 
material and supercritical water. Figure 1 shows a flow scheme of the apparatus. For 
homogeneous charge an electromagnetic stirrer (a) is placed in the feed vessel ( b ). A static 
mixer in the vessel prevents the suspension from performing a tornado. Soil in water 
suspensions (< 10 wt%) are brought into the piping by a conventional membrane pump (c). 
Suction and discharge valve of the pump are operated with two balls each. By means of valve 
VI the whole apparatus is protected against excessive pressure (> 35 MPa). For buffering 
system pressure, a relief holder ( d) filled with nitrogen, can be attached to the extraction piping 
by valve V2. After having passed two preheaters ( e,f) the suspension enters the extraction 
pipe (g, o.d. 0.25 inch, i.d. 0.125 inch, 38 ml) at operating conditions. The extraction tube is 
heated by 4 heating muffs, which can be regulated separately (TIC 1-4). Temperatures at the 
end of each preheater (TIR1, TIR 2) are recorded as well as the temperature at the beginning 
(TIR3) and at the end (TIR4) of the extraction course. System pressure can be visually 
checked by PI1 and is also recorded by a pressure transducer (PIRC). After the extraction 
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process the suspension is cooled down ( h ). Through a pneumatically operated check valve 
(V8), which is regulated by a pressure control system (/), the suspension is expanded to 
ambient pressure. For proper operation the ceramic spindle of the check valve requires a 
pressure of 0.6 MPa (compressed nitrogen). An abrupt opening of the valve prevents the seat 
from sedimentation. Valves V3 and V4 are used only for starting and stopping operation of 
check valve V8. Valve V7 serves for slow pressure release at the end of an experiment. 
Extracted soil material and loaded solvent are separated in a flask ( i ) from the gaseous phase. 
Subsequently the gaseous phase passes a COj-meter (j ) and an evacuated glass vessel (k). 

For analysis soil material and the oil-in-water emulsion were separated in a separating funnel 
by sedimentation. The soil material was analysed for hydrocarbons by supersonic extraction 
with cyclohexane/acetone (vol 1:1) as solvent. The overall oil content of the loaded water was 
determined by infrared spectroscopy and single hydrocarbons components in the gaseous phase 
by gaschromatography. The volumetric content of CO 2 in the gaseous phase was measured on¬ 
line by a CCE-meter. 

The soil material used for the experiments was taken from the field of a former paint 
factory, a clayey loam with an equivalent particle diameter of 10 pm. It was weathered for 
more than 20 years and contained 19 wt% hydrocarbons (37 % long alcanes, 
34 % monoaromatic, 16% diaromatic, 12% polyaromatic hydrocarbons). Only the 
agglomerate fraction (hydrocarbons and sand) smaller than 355 pm was employed. As 
supercritical solvent demineralized water was used. 

With the apparatus described, concentrations of soil material in water up to 10 wt% were 
investigated for operating conditions of 523-637 K at 24 MPa. 


4. RESULTS 



Figure 2: Semibatch and continuous extraction 
results versus solvent to soil ratio 


Figure 2 shows semibatch and 
continuous extraction results in 
dependence of solvent to soil ratio. 
Compared to semibatch extraction, 
residence times could be reduced 
remarkably by continuous operation. 
Extraction results up to 100 % are yielded 
within a residence time of only 28 s, but 
high solvent to soil ratios are needed for an 
acceptable degree of extraction. Only 
below 0.75 wt% soil in water (above 
133 kg W ater/ kgsoil material) more than 
90 % of contamination could be removed 
from the soil material (s. Table 1). Due to 
extraction under parallel flow, solvent to 
soil ratios must be high for sufficient 
dilution of contamination in the fluid phase 
respectively a high concentration gradient. 
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concentration of sol material in water [wt%] 


10 i 0.5 0.25 



solvent to soil ratio [kg /kg 

1 S H20 soil maMnal 1 


Figure 3: Load of liquid phase versus concentration 
of soil material in water at 663 K and 
24 MPa 


Figure 3 shows the load of 
hydrocarbons in the liquid solvent phase as 
a function of solvent to soil ratio. From the 
data one can conclude that there is a 
maximum of the hydrocarbon load in water 
versus solvent to soil ratio. The left rising 
branch of the curve can be explained by the 
low extraction results shown in Figure 2. 
At low solvent to soil ratios only a small 
amount of hydrocarbons are extracted 
from the soil material. This amount rises 
with increasing solvent to soil ratio, so 
does the load in the liquid phase. When 
extraction results reach a considerable 
degree (> 100 kg water /kg so j| ma terial)’ ^e 
amount of soil material in water decreases 
and so does the amount of extractable 
contamination. 


Experiments with different tempera¬ 
tures between 595 K to 660 K (24 MPa) 
have been carried out at a constant 
concentration of soil in water of 1 wt % 
and a residence time of 45 s (s. Table 2). 
Figure 4 describes an increase in the 
degree of extraction with increasing 
temperature. Though the hydrocarbon 
contamination is already miscible with 
water at 623 K (25 MPa) [7] best 
extraction results were obtained at 650 K 
(24 MPa). 

Due to thermal decomposition and 
temperature [K] hydrolytic reactions carbon dioxide and 

methane could be determined in the gas 
Figure 4: Extraction results versus temperature at phase, particularly above 660 K (24 MPa). 

24 MPa, residence time: 45 s (1 wt% soil The measured amount of C0 2 in the 

in water) gaseous phase rises linear with increasing 

solids in suspension. 

At a constant concentration of 1 wt% of soil in water the extraction result could be 
improved about 8 % by extending the residence time from 28 s to 45 s (s. Table 1,2). 

At low solvent to soil ratios (< 50 kgwater/kgsoil material) the degree of extraction is lower 
than 50 %. Then the soil material must be charged again. Longer residence times (up to 60 s) 
without regeneration of solvent do not lead to better extraction results. Experiments with a 
suspension of 2 wt% of soil material showed, that after 3 runs of extraction the clean-up result 
could be improved up to 94 %. The time of extraction was not longer than 80 s. 
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Table 1 

Extraction results of weathered contaminated soil material in water at 663 K at 24 MPa 


Solvent to 

concentration 

flow rate 

T 

residence 

degree of 

load of liquid 

soil ratio 

of soil in 



time 

extraction 

phase 

^9 water 

water 

'suspension 

[K] 

[s] 

< c °- c) .ioo%- 

^hydrocarbon 


kQsoil material 

[wt %] 

h 



c° 

water 


399 

0.25 

0.98 

655 

34 

100 

17 

284.7 

0.35 

0.97 

657 

30 

92.46 

157 

199 

0.5 

1.02 

658 

28 

100 

254 

199 

0.5 

0.8 

669 

27 

53.7 

137 

132.3 

0.75 

0.88 

655 

38 

90.7 

211 

99 

1.0 

0.8 

660 

32 

90.5 

397 

65.7 

1.5 

0.8 

666 

28 

61.1 

273 

49 

2.0 

0.84 

663 

28 

35.8 

156 

49 

2.0 

1.0 

666 

23 

65.8 

382 

49 

2.0 

0.8 

665 

28 

48.3 

465 

32 

3.0 

0.86 

661 

27 

32.3 

320 

24 

4.0 

0.86 

664 

26 

18.0 

93 

19 

5.0 

0.8 

664 

31 

36.9 

- 

19 

5.0 

1.02 

662 

28 

45.9 

159 

17.2 

5.5 

0.83 

660 

31 

15.9 

33 

15.7 

6.0 

0.86 

662 

28 

21.8 

36 

15.7 

6.0 

0.86 

658 

28 

24.3 

12 

(13.3 

7.0 

1.13 

652 

46 

17.6 

-) 

(9 

10.0 

0.95 

648 

53 

22.6 

124) 


Table 2 

Extraction results of weathered contaminated soil material in water for different temperatures 
at 24 MPa 


T 

Solvent to 
soil ratio 

concentration 
of soil in 

flow rate 

residence 

time 

degree of 
extraction 

[K] 

kQwater 

water 

'suspension 

[s] 

(c °~ c) ioo%' 

kQsoil material 

[wt %] 

h 


c° 


595 

99 

1 

2.0 

47 

79.7 

617 

99 

1 

1.8 

48 

83.4 

639 

99 

1 

1.6 

46 

97.3 

650 

99 

1 

1.4 

43 

98.3 


* c°: initial load of hydrocarbons on soil material, c: current load 
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5. CONCLUSION 

A new apparatus was developed for continuous extraction of contaminated soil material for 
high pressure (25 MPa) and high temperature (663 K) operating conditions. The extraction of 
hydrocarbon contaminants from long weathered and highly contaminated soil material could be 
realised with supercritical water under parallel flow. Within a residence time of only 28 s 
suspensions of less than 0.75 wt% soil in water could be cleaned (> 90 %). For a concentration 
of 1 wt% soil in water 43 s were needed to achieve a clean-up result of 98.3 %. The 
continuous extraction process can be carried out multistage. Then higher concentrated 
suspensions (2-4 wt%) can be also cleaned by supercritical water extraction. 
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ABSTRACT 

The effects of extraction temperature, solvent density and addition of cosolvents on the 
conversion, liquid yield and also on the characteristics of the extracts and residues from SCFE 
with toluene of a high-ash Brazilian mineral coal were experimentally investigated (Rocha [1]). 
The experiments were performed in a semi-batch laboratory-scale unit in the coal pyrolysis 
region - 593 to 673 K and with pressures up to 11.5 MPa. It was observed a reduction in the 
total sulfur content up to 44%, whereas providing residues with maximum losses of 16% of the 
original heat-content. The extracts were characterized by a reliable, non-destructive 
Preparative Liquid Chromatography method - PLC-8 (Karam et al. [2]), providing eight 
discrete fractions with well defined chemical functionality. With the addition of 5 mol% tetralin 
21.7% conversion was obtained, that means an increase of 15% when compared to pure 
toluene, while with n-methyl-2-pyrrolidone (NMP) and ethanol the conversion decreased. 

1. INTRODUCTION 

The mineral coal reserves are one of the most important non-renewable energy sources in 
the world [3]. The same is true when it refers to the Brazilian energy context where they 
represent 60% of our non-renewable energy sources. The largest reserves are located in South 
Brazil and, as in other countries with large coal reserves, SCFE is here proposed as an 
upgrading process for Brazilian mineral coal. 

The aim of the present work is to study the effects of extraction temperature, solvent 
density and addition of cosolvents on the conversion and liquid yield and also on the 
characteristics of the extracts and residues obtained from SCFE of a high-ash (29.1%) 
Brazilian mineral coal. For this purpose a Butia coal, sub-bituminous coal, was employed under 
different experimental conditions in a semi-batch laboratory-scale unit using toluene as primary 
solvent, over the range of 593-673 K in temperature and 4.7-11.5 MPa in pressure. 

2. EXPERIMENTAL 

2.1 Apparatus and Procedure 

The experimental apparatus is shown in Figure 1. It consists of a 140 ml extraction vessel 
with an electrical heater provided with a proportional temperature controller (Coel, GMP) with 
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a precision of ± 1 K. The pressure is monitored by an absolute pressure transducer (Smar, LD 
301) which is equipped with a remote seal for measurements at high temperatures (Smar, SR 
201T-211). The pressure data acquisition is made by a portable programmer (Smar, HT 201) 
and the precision is ± 0.012 MPa. 

After the desired extraction temperature is reached about 80 g of sample, with particle size 
of 16-20 mesh-size, is charged into the extraction vessel, supported by two 260 mesh wire 
disks. The system is immediately closed and the solvent is continuously fed into the vessel by a 
high pressure pump (TSP, constaMetric 3200 P/F). The pressure is controlled by a 
micrometering valve from where the solvent and the extract are withdrawn into a glass 
collector. The experiments were accomplished in 195 min. (unless otherwise stated), 
isothermally, at constant pressure and using a solvent flow of approximately 3 cm 3 /min in all 
runs. 



Figure 1. Schematic diagram of the SCFE apparatus 

A - solvent reservoir; B - high pressure pump; C - extraction vessel; D - absolute pressure 
transducer; E - electrical heating with temperature control system; F - glass collector; G - trap; 
H - flow meter. 


The overall conversion of coal to liquid and gaseous products 
defined by: 


/ 

Conversion % = 100 x 

V 


wt daf coal - wt daf residue' 
wtdafcoal , 


and the liquid yield are 


( 1 ) 


Liquid yield % = 1 OOx 


wt extract 
^wt daf coal. 


( 2 ) 


where daf = dry, ash-free. 

2.2 Coal characterization 

A high-ash sub-bituminous coal, Butia-Brazil, was used in the experiments, being its 
proximate and ultimate analysis given in Table 1. 
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Table 1 

Proximate and ultimate analysis of Butia coal 


Proximate analysis (wt %) 


Moisture 

4.1 


Ash 

29 i db 


Volatile matter 

29 9 db 

42.2 daf 

Fixed carbon 

41 .0 db 

57.8 daf 

Ultimate analysis (wt %) 

C dal 

71.0 


H daf 

5.2 


N“ ,f 

1.2 


(S+0) daf ' a 

22.6 



- dry-basis; ‘ - calculated by difference 


2.3 Extract analysis 

The extracts were fractionated by a Preparative Liquid Chromatography method - PLC -8 
[2], in eight distinct chemical classes: FI-saturated hydrocarbons (HC), F2-monoaromatics, 
F3-diaromatics, F4-triaromatics, F5-polynuclear aromatics, F 6 -resins, F7-asphaltenes and F 8 - 
asphaltols. This method, proposed by Karam et al. as an extension of SARA method [4], was 
especially developed for coal-derived liquids. It combines solubility and chromatographic 
fractionation, affording discrete, well-defined classes of compounds which are readable for 
direct chromatographic and spectroscopic analysis. 

3. RESULTS AND DISCUSSION 

The effects of extraction temperature, solvent density and addition of cosolvents were 
studied in relation to the conversion and liquid yield and also with regard to the characteristics 
of the extracts and residues obtained from SCFE of a high-ash Brazilian mineral coal (the 
proximate and ultimate analyses of the residues and also the ultimate analyses of the extracts 
are available upon request). 

3.1 The effect of temperature 

To study the effect of temperature, three temperature levels, ranging in both the coal 
pyrolysis region and in the vicinity of the critical point of toluene, were chosen: 593 K, 623 K 
and 673 K. The experiments were run at constant density of 4 molT 1 (estimated by the 
generalized Peng-Robinson equation of state [5]). 

It can be observed from Table 2 that very low liquid yields were obtained compared to the 
results presented in the literature at similar experimental conditions such as in the study of 
Sakaki et al. [ 6 ]. As pointed out by Cahill et al. [7], these low liquid yields might be related to 
both the high-ash and high oxygen content present in the coal matrix - see Table 1. 

In Table 3 is presented the distribution of the PLC -8 fractions from where it can be 
observed that at 673K the level of thermolysis is superior to the other two temperatures, and 
hence, the amount of lighter compounds (F1-F5) obtained is about twice higher. The amount 
of intermediate molecular weight compounds (F 6 ) is almost invariant with temperature while 
the amount of the heavier fractions (F7-F8) decreases with increasing temperature. 
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Table 2 


Effect of extraction temperature on the liquid yield and on the characteristics of the residues 
from SCFE of Butia coal with toluene at 4 mol.l ' 1 



Coal 

Residue 





T(K) 

- 


593 


623 


673 1 

P(MPa) 

- 


4.7 


7.3 


11.5 

t| 2 % 

- 


3.9 


5.5 


3.0 

HV 3 (KJ.Kg' 1 ) 

24,012 

21,874 


20,054 


21,573 

HV maintenance % 

- 


91 


84 


90 

1 -17 min. extraction ; 2 - liquid yield ; 3 - heating value 





Table 3 








Effect of temperature on the distribution of the fractions of the extracts from SCFE of Butia 

coal with toluene at 4 mol.1 ' 1 

: PLC -8 fractionation 






593 

623 


673 



4.7 


7.3 



11.5 

FI - Saturated HC 

1.3] 


0.8] 



43 


F2 - Monoaromatics 

1.0 


1.0 



13 


F3 - Diaromatics 

1.0 

j-11.8 

0.9 

110.0 


1.8 

23.7 

F4 - Triaromatics 

2.6 


1.7 



5.6 


F5 - Polynuclear aromatics 

5.9 


5.6 



10.7 


F 6 - Resins 

64.0 

66.6 


63.2 

F7 - Asphaltenes 

F 8 - Asphaltols 

1 *' 3 1 24.2 

12.9/ 

12 ’°| 23.4 
11.4 J 


5.81 

73/ 

13.1 


3.2 The effect of density 

Table 4 summarizes the results of the liquid yield and conversion from SCFE of Butia coal 
with pure toluene at 623 K and at 3, 4 and 5 mol.l ' 1 solvent density. The liquid yield and 
conversion figures are again lower than those reported in the literature for different coals. The 
conversion reached a maximum at 4 mol.l ' 1 ; this effect has been shown in the literature [ 8 ], 
though at higher pressures. More investigation is being carried out to clarify this effect. Since 
the experiments were accomplished at constant temperature - assuring the same 
depolymerization/thermolysis of the coal structure, the increase in the liquid yield and 
conversion could be attributed to an enhancement in solvent density (solvent power). 

Table 4 


Effect of solvent density on the liquid yield, conversion and on the characteristics of the 
residues from SCFE of Butia coal with toluene at 623 K _ 



Coal 

Residue 




- 

5.1 

7.3 

10.9 


- 

3 

4 

5 

T| % 

- 

5.1 

5.5 

6.0 

Conversion % 

- 

14.9 

18.8 

11.1 

HV (KJ.Kg 1 ) 

24.012 

21.179 

20.054 

22.267 

HV maintenance % 

- 

88 

84 

93 
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It can be noticed from Table 5 that the heavy compounds content (F7-F8) increases with 
increasing density and at 5 mol.I* 1 the amount of F7-F8 sharply increases, reaching almost 50% 
while the F6 (resins) is, for the first time, lower than 60%. 


Table 5 


Effect of solvent density on the distribution of the fractions of the extracts from SCFE of Butia 
coal with toluene at 623 K: PLC-8 fractionation 



3 


4 


5 


BE 

5.8 


7.3 


10.9 

FI - Saturated HC 

1.7 


0.8 


1.3 


F2 - Monoaromatics 

1.9 


1.0 


0.6 


F3 - Diaromatics 

15 

>18.6 

0.9 

10.0 

05 

10.3 

F4 - Triaromatics 

3.7 


1.7 


1.3 


F5 - Polynuclear aromatics 

9.8 


5.6 


6.6 


F6 - Resins 

65.9 

66.6 

39.9 

F7 - Asphaltenes 

F8 - Asphaltols 

4.4 

11.1 

115.5 

12 ’°123.4 

11.4 J 

38.1 

11.7 

J49.8 


3.3 The effect of cosolvent 

One can observe from Table 6 that there was a great reduction in the total sulfiir content - 
up to 44 %, especially with pure toluene and with 5 mol% tetralin. There was also a reduction 
with addition of NMP and ethanol but in less extent, although it is still high when compared to 
other coals [9]. 

In addition to the great sulfiir reduction in the coal, as already remarked in previous reports 
[10], the addition of 5 mol% tetralin caused an increase in conversion - 15% in this work, as 
can be seen in Table 6, while the presence of ethanol and NMP caused a negative effect in 
conversion. 


Table 6 

Effect of addition of 5 mol% cosolvent on the liquid yield, conversion and on the 

r tUo raoirlnan rM CPEC T O litin nnnl A mnl 1 - 1 


Cosolvent 

n % 

Conversion % 

S reduction% 

HV maintenance% 

- 

5.5 

18.8 

44 

84 

Ethanol 

4.1 

9.9 

29 

94 

NMP 

- 

10.3 

41 

84 

Tetralin 

- 

21.7 

35 

95 


In Table 7 is presented the effect of addition of 5 mol% ethanol to toluene on the 
characteristics of the extracts. It can be seen a great increase in the grouped fraction F1-F5 - 
around 60%, while the resin content was not significantly changed and the asphaltenes- 
asphaltols distribution decreased dramatically. Since ethanol is a small-chain polar solvent. 
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these results were expected due to its capacity to solubilize compounds of lower molecular 
weight and, in a certain extent, fractions with higher polarity. 

Table 7 

Effect of addition of 5 mol% ethanol on the distribution of the fractions of the extract from 

SCFE Butia coal at 623 K and 4 moll' 1 : PLC-8 fractionation _ 

Fraction__Toluene_ Toluene with 5 mol% ethanol 


FI - Saturated HC 

0.8 


1.4 

F2 - Monoaromatics 

1.0 


0.7 

F3 - Diaromatics 

0.9 

11.8 

0.6 1 

F4 - Triaromatics 

1.7 


5i 

F5 - Polynuclear aromatics 

5.6 


8.0 

F6 - Resins 

66.6 

69.6 

F7 - Asphaltenes 

12.0 

123.4 

10.93 

F8 - Asphaltols 

11.4 

3.3 J 


4. CONCLUSIONS 

The maximum conversion obtained was 21.7% with 5 mol% tetralin, and 6.0% liquid yield 
with pure toluene at 10.9 MPa and 623 K. These figures are rather small when compared to 
literature data, being necessary to investigate different levels of thermal depolymerization and 
different solvents to optimize the conversion of the high-ash sub-bituminous Butia-coal. High 
levels of sulfur reduction were observed - up to 44%, and it has been also shown that the 
dessulfurization of the coal under study is selective with regard to the solvent mixture. 

The PLC-8 fractionation method is shown to be an appropriate procedure for analyzing the 
effects of temperature, solvent density and addition of cosolvents on the characteristics of the 
extracts, allowing the maximization of specific chemical fractions. 
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Interaction of Density, Viscosity and Interfacial Tension in 
Countercurrent Extraction with Near-Critical Fluids 

S. Peter, Institut fur Technische Chemie 

Universitat Erlangen-Numberg, Egerlandstrafle 3, D-91058 Erlangen, Germany 

The influence of viscosity, interfacial tension and difference of the density between the 
coexisting phases on hydrodynamics and mass transfer are discussed. When the activity 
of the near-critical extractant exceeds a certain limit a flowing liquid film becomes insta¬ 
ble. Thereby the alternative exists to carry out a separation process in the film regime or 

INTRODUCTION 

Systems containing a near-critical or supercritical fluid are characterized by the follo¬ 
wing behavior: density difference between coexisting phases, viscosity of the liquid and gas 
phases and interfacial tension change markedly with pressure. The viscosity of the liquid 
phase is reduced with increasing activity of the near-critical fluid, where that of the gas phase 
is enhanced. As an example the viscosity of the coexisting liquid phase of the binary syste- 
moleic acid/ethane is shown in Figure 1. At greater activities of the dense fluid the interfacial 
tension decreases dramatically to values less than 2 mN/m. This is shown in Fig.2 by means 
of the binary system linoleic acid/carbon dioxide. 

n/io" 2 (■?««] 



Fig.l: Dynamic viscosity of the liquid phase Fig.2: Interfacial tension for the system lino- 
of the System oleic acid/ethane [1], leic acid/carbon dioxide [2]. 

Whereas the density of the gas phase generally increases with increasing pressure the 
change of the density of the liquid phase with increasing pressure is more differentiated. This 
is shown in Figure 3 in which the density of the coexisting liquid phase for the systems oleic 
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acid/carbon dioxide and oleic acid/ethane is plotted as a function of pressure. For comparison 
the density of pure oleic acid is also figured as function of pressure. 

The density of the liquid phase of the system oleic acid/carbon dioxide increases with 
increasing pressure, whereas the density of the liquid phase of the system oleic acid/ethane 
decreases with increasing pressure. Therefore the hydrodynamics in a countercurrent column 
and mass transfer may dramatically depend on the activity of the near-critical fluid. 



Fig.3: Density of the coexisting liquid phase Fig.4: Weber number of a falling film for the 
of the system oleic acid/carbon dioxide, oleic system oleic acid/ethane as a function of 
acid/ethane and pure oleic acid as fuction of ethane activity [4]. 
pressure [3], 

Hydrodynamics of a flowing film 

A flowing film was established by means of a plate of 400 mm length and 70 mm 
breadth which was installed inside of a revolving autoclave. The film thickness at liquid inlet 
could be varied by means of an adjustable weir. Depending on the inclination angle a of the 
plate the mean film thickness 8 yields 

5 = {(3 * v 2 ,)/(g* sina)} 1/3 *Re, ,/3 

with Re, = V/(v 1 *U); U=film broadth; v,=liquid kinematic viscosity; Vj=volume flow of liquid 

The hydrodynamic behavior of liquid films can be characterized by the dimensionless 
Weber number We = ( 8 2 *p*g*sina)/a. In Figure 4 the Weber number of a falling film (sina 
= 1) is plotted against the activity of ethane for the system oleic acid/ethane. At low tempera¬ 
tures the temperature dependence of the Weber number is small. The Weber number changes 
little at low activities. For activities greater than 0.8 the Weber number increases sharply. 
The transition region from the first appearance of instability to disintegration into droplets or 
trickles corresponds with the sharp increase of the Weber number. 

As an example, the first appearance of instability and the disintegration of a falling 
film of oleic acid as functon of pressure and temperature in equilibrium with carbon dioxide 
and ethane is shown in Figure 5. In the presence of ethane instability and disintegration occur 
at lower pressure than in the presence of carbon dioxide. 
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■ - Oleic HckJ/C.H, 
a - Oleic flcsd/COj 



Fig.5: First appearance of instability and disin¬ 
tegration of a falling film for the systems oleic 
acid/carbon dioxide and oleic acid/ethane [5]. 



* - Peiargonic Rcid/CO, 
a * Lmoteic fictd/COj 

» - Oleic flcid/CO. 
o - Squaiane/CO, 

• - Peiargonic Rcid/CO, 

* - Lmoieic ficid/CO, 

♦ - Oleic ficid/CO, 

« - Squsl*ne/CO. 


A linear function between the logarithm 
of the Reynolds number and the logarithm of 
the film number (reciprocal Kapitza number) at 
the first appearance of instability of a flowing 
film was found by Graef [6]. Thereby the film 
number is defined by the following equation 

K^CpVytgV) 


Fig.6: Logarithm of Reynolds number ver¬ 
sus logarithm of Film number at first ap¬ 
pearance of instability (light points) and 
film disintegration (full points) of several 
binary systems. 


with K f = Film number; p f = liquid density; a = interfacial tension; g = earth acceleration; 


t) = dynamic liquid viscosity 

A double logarithmic plot of the Reynolds number against the Film number at the be¬ 
ginning of instability and at the disintegration into droplets of several systems with carbon 
dioxide as near-critical component is shown in Figure 6. Within experimental error the mea¬ 
sured values of the investigated systems fall on a straight line. The obtained straight lines for 
first appearance of instability and for disintegration into droplets extent parallel to each other. 
Since film instability and film disintegration are visually observed the accuracy of the data is 


limited. 

When pressure is enhanced at constant mass flow and constant temperature, the visco¬ 
sity of the liquid phase and the interfacial tension decrease. Therefore Reynolds number and 
Film number increase until first appearance of film instability. This is shown in Figure 6 by 
means of the system peiargonic acid/carbon dioxide at 333 K. With further increase of pres¬ 
sure at constant mass flow the Film number decreases, whereas the Reynolds number increa¬ 
ses. At constant temperature and constant mass flow the Film number and also the Reynols 
number depend on pressure and vary in a large range. This is a unique feature of near-critical 
extraction. 
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When temperature and pressure are given, the Reynolds number can be enhanced by 
increasing the flux of the liquid phase at constant Film number. In this way the droplet re¬ 
gime can be adjusted by increasing the flux provided that the flooding point is above the line 
of film disintegration. In the droplet regime the volumetric mass transfer coefficient A*fl 
(A=volumetric area for mass transfer; I3=mass transfer coefficient) may be greater than in the 
film regime. In this case, near-critical countercurrent extraction in the droplet regime is re- 
commendable. In the droplet regime the volumetric mass transfer coefficient A*(i (A = volu¬ 
metric area for mass transfer; P = mass transfer coefficient) may be greater than in the film 
regime. In this case, near-critical countercurrent extraction in the droplet regime is recom- 
mendable. 


Axial dispersion and column efficiency 

In order to obtain a commercial loading of the near-critical extractant, the extraction is 
sometimes carried out at enhanced pressures in the droplet regime. In such cases the liquid 
phase does not flow downwards as a film adhering to the packings of a column as is usually 
assumed, rather it falls down as a swarm of droplets. On the basis of the separation of a mix¬ 
ture of partial glycerides the behavior of packed columns in the droplet regime (instable flo¬ 
wing films) the efficiency of different column installations are compared. A mixture of 55 
wt.% propane and 45 wt.% carbon dioxide is used as an extractant. 

The phase equilibria of the quasi-ternary system carbon dioxide/propane/glycerides 
mixture at 12 MPa and 313 K is shown in Figure 7 for several monoglyceride contents of the 
glycerides mixture. With increasing monoglyceride content the two phase region of the sy¬ 
stem is enlarged. 


C.H, 




Fig.7: Phase equilibria of the quasi-ternary system 
carbon dioxide/propane/glycerides mixture at 12 
MPa and 313 K 

A schematic flow sheet of the pilot plant used 
for the investigations is shown in Figure 8. The de¬ 
vice comprises a counter-current extraction column 
and a column for the regeneration of the extractant. 

The internal diameter of the columns is 69 mm. The extraction column is made of two parts 
of 1000 mm length. It is designed for a pressure of 15 MPa at 453 K. 

The efficiency of the following packings are investigated and compared with each 
other: Sulzer CY, Sulzer CY + distributors, Sulzer SMV + distributors, collector-distributors, 


Fig.8: Schematic flow sheet of the 
pilot plant [8]. 
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and spray column. The height of the packings totaled to ca. 1.9 - 2.0 m in each case. The 
packings type Sulzer CY and Sulzer SMV are arranged so that succesive elements are twisted 
by 90° in order to ensure a consistently good distribution of the liquid phase over the cross 
section of the column. The installation of collector-distributor elements serve for reducing 
the wall effect of flow. 

The primary products are fed at the top of the extraction column. The composition of 
feed, extract, raffinate, and extractant is analysed in dependence on superficial velocity of the 
gaseous (continuous) phase. In two series of experiments either the phase ratio or the 
spraying density are kept constant. The stage construction is made by means of a computer 
program. 

The monoglycerides of the raffinate (the bottom product) is shown in Figure 9 as a 
function of the superficial velocity of the gas phase at a phase ratio of 19. At an superficial 
velocity of 10 mm/ s the raffinate obtained with different packings is nearly the same except 
for the Sulzer Packing SMV. At lower superficial velocities the wire mesh packings (Sulzer 
CY) provide the best yields. The experiments are made at conditions where a falling film di¬ 
sintegrates into drops. Therefore, it seems understandable that the efficiency of the spray co¬ 
lumn and that of the collector-distributor installations do not much differ. 

The monoglyceride content of the raffinate is shown in Figure 10 as a function of the 
superficial gas velocity at a constant spraying density of 450 kg m' 2 h'\ 



Fig.9: Monoglyceride content of the raffinate Fig. 10: Monoglyceride content of the raf 
as a function of superficial gas velocity at a finate as a function of superficial gas velo- 
constant phase ratio of 19 at 12 MPa and 313 city at 12 MPa and 313 K for constant 
K [8]. spray density of 450 kg m^h' 1 [8], 

For further information of the hydrodynamic conditions in a countercurrent column 
working in the droplet regime, the axial dispersion was investigated. By means of oleic acid 
monoglyceride in form of a single phase mixture with propane as a tracer the behavior of re¬ 
sidence time is investigated at 12 MPa and 313 K and with pure propane as circulating ex¬ 
tracting agent. The tracer is injected at different height of the column. The detection of the 
tracer is carried out by an UV-detector LC-95 of Perkin Elmer. 
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In several tests series the point of tracer feeding and the column installations are chan¬ 
ged and the axial dispersion coefficient is measured as a function of superficial gas veloci¬ 
ty .The radial rate profils are neglected. In a first approximation propane is taken incrompres- 
sible as the pressure loss is neglectable compared to the operating pressure of 12 MPa. 

In Figure 11 the Bodenstein-number is plotted versus superficial gas velocity at diffe¬ 
rent distances between tracer input and detection. The effects of efflux at the top of the co¬ 
lumn cause the sharp bend at about 5 mm/s of superficial gas velocity. The Reynolds number 
at this point amounts to about 2000. The Bodenstein number is defined as: 

Bo = (U*L)/D„ 

with U = superficial gas velocity; L = height of packings; D a = axial dispersion coefficient. 
At low values of the superficial gas velocity the Bodenstein number increases linearly and 
develops into a plateau at high values. 

The axial dispersion of the different column installations investigated are compared 
in Figure 12. The wire mesh packing Type Sulzer CY with distributors has the highest Bo¬ 
denstein number (i.e. the lowest axial dispersion) within the interficial gas velocities investi¬ 
gated. The axial dispersion increases in the sequence: wire mesh packing Sulzer type CY, 
collector-distributor, mixing packing Sulzer type SMV, spray column. 



v . Superfic. Gas Pel. [il«10‘ 3 


Fig.l 1: Bodenstein number (semi open sys- Fig.12: Bodenstein number as a function of 
tem) as a function of superficial gas velocity superficial gas velocity at 12 MPa and 313 K. 
at different distances between tracer input 
and detection [8]. 

The number of theoretical stages per meter of height of packings is plotted versus 
the Bodenstein number in Figure 13 for the different installations investigated, at a phase ra¬ 
tio (j) = 19. There, the theoretical stages match the separation of oleic acid monoglycerides 
from the mixture with di-, triglycerides, and free fatty acids at 12 MPa and 313 K. Within the 
accuracy of measurement the data all fall on the same curve. It was observed that the liquid 
phase flowing downwards in the column was disintegrated into drops under the process 
conditions. The differences in the efficiency of the packings are mainly caused by axial dis¬ 
persion due to microturbulences of the continuous phase. 
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Bodenstein-Number [-] 

Fig. 13: Theoretical stages per meter packings as a function of the Bodenstein number for 
near-critical extraction of monoglycerides from a mixture of mono-, di-, and triglycerides at 
12 MPa and 313 K in the droplet regime. 

Conclusion 

As the interfacial tension and the viscosity are markedly decreased in systems contai¬ 
ning a dense near-critical substance the stability of liquid films may be reduced in case of 
near-critical fluid extraction. Therefore, axial dispersion should be an essential argument in 
making the choice of suitable packings. On the whole a suitable packing for a countercurrent 
process should fulfill the following requirements: greatest possible surface, low pressure loss, 
and low axial dispersion. The latter should not be neglected as is often done. 

References 

[1] Peter,S., Jakob,H., J. Supercritical Fluids 4, 116-172 (1991). 

[2] Hiller, N., Schiemann, H., Weidner, E., Peter, S., Chem.Eng.Techn. 16, 206-212,(1993); 
Schiemann, H., Weidner, E., Peter, S., J.Supercritical Fluids, 6,181-189, (1993). 

[3] Jakob, H., Ph.D. Thesis Erlangen, 1990. 

[4] Blaha-Schnabel,A., Ph.D. Thesis, Erlangen 1992. 

[5] Beyer, A., Ph.D. Thesis, Erlangen 1990. 

[6] Blaha-Schnabel,A., Beyer,A., Czech, B., Schiemann,H., Weidner,E., Peter,S., 

Chem.Eng.Comm. 1996 in Press. 

[7] Czech,B., Peter,S., Preprint AIChE Annual Meeting, Miami Beach 11.-18- Nov. 1995. 

[8] Czech,B., Ph.D. Thesis, Erlangen 1991. 




This page intentionally left blank 



High Pressure Chemical Engineering 

Ph. Rudolf von Rohr and Ch. Trepp (Editors) 

® 1996 Elsevier Science B.V. All rights reserved. 


199 


The Heat Transfer to Supercritical Carbon Dioxide in Tubes with Mixed 
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1. SUMMARY 

The heat transfer to supercritical carbon dioxide was measured in horizontal, vertical and 
inclined tubes at constant wall temperature for turbulent flow at Re-numbers between 2300 
and lxlO 5 . The influence of the variation of physical properties due to the vicinity of the criti¬ 
cal point was examined, as well as the influence of the direction of flow. Therefore most of 
the measurements were conducted at pseudocritical points. At those supercritical points the 
behaviour of the physical properties is similar to the behaviour at the critical point, but to a 
lesser degree. At such points the heat capacity shows a maximum; density, viscosity and heat 
conductivity are changing very fast. [1] 

Due to the variations in physical properties, especially under the influence of buoyancy, the 
heat transfer can be significantly alterated compared to the well-known conditions at buoy¬ 
ancy-free turbulent flow. [2] 

At the pseudocritical points that are nearest the critical point, this behaviour is most accen¬ 
tuated. 

2. EXPERIMENTAL 
2.1. Apparatus 

A schematic representation of the experimental apparatus is shown in Figure 1. 

The carbon dioxide is circulated in a closed system which has been designed for pressures 
from 1 to 500 bar and temperatures from 30 to 180°C. The test section is heated with a ther¬ 
mosyphon. Temperatures of the carbon dioxide are measured only at the inlet and outlet of the 
test section. The walltemperatures of the carbon dioxide leading tube within the heatpipe are 
measured for controling purposes. 


CibaGeigy AG, Ingenieur-und Verfahrenstechnik, CH-4133 Pratteln 1, Switzerland 



200 



Flow in horizontal tubes as well as inclined tubes can be studied at Pr-numbers from 0.8 to 
22, Re-numbers up to 1.5xl0 5 and Gr-number up to 8x10 s . 

In order to measure the carbon dioxide inlet and outlet temperatures, those thermocouples 
have been preceded by static mixing elements. To be certain to have a fully developed hydro- 
dynamic profile at the entrance of the heating section, an entering section of 200 mm 
(=20xdj) has been placed between the inlet and outlet thermocouples and the heating section. 
[3] 

The carbon dioxide leading tube was configured in such a way, that the thickness of the 
condensate film at the outside of this tube does not influence the heat transfer measurements, 
regardless of the angle of inclination. For that purpose the tube has been finned on the outside. 
The geometry of those fins as well as the distances between them have been chosen in such a 
way, that the temperature differences on the outer wall along the tube never exceed 0.5°C, 
regardless of the inclination of the tube. 

The carbon dioxide used in this study was purchased by PanGas, Schlieren, with a reported 
purity of 99.99% and recondensed from the gas phase. 


2.2. Method 

Because of the strong variations of the heat capacity and therefore of the local heat transfer 
coefficient at a pseudocritical point, the LMTD (logarithmic mean temperature difference) 
cannot be used for the evaluation of all of our measurements. 

The following method of evaluation doesn’t require any of the simplifications that have 
been assumed for the use of the LMTD. The only assumption that has to be made, is that of a 
constant wall temperature. 

It is allowed that:c p = c p (t); a = a(t) 






The heat transfer over the entire heating section has to be described in such a way that: 
+ 

Q = a A AT 
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Global medium heat transfer coefficient: 


«- ■ “ K«> 


dt 


(T wi -1) 


Global medium temperature difference: 

^oui 

J c p(D dt 


AT = 


l out 

J c pM 


dt 


(Twi - t) 


( 1 ) 


( 2 ) 


The global medium temperature difference as well as the corresponding temperature profile 
are fixed by the knowledge of c (t), t in and t ou( . 


Global medium physical properties: 

In order to take the rapid variation of the physical properties into full consideration, one has 
to use the medium value of the integration between the inlet and outlet temperatures: 


c 


p 


J C P (0 d t 



(3) 


The same definition is valuable for p, v and f. 

Those physical properties are used in the determination of the dimensionless Nu-, Re-, Gr-, 
and Pr-numbers. The values of the enthalpie at the inlet and at the outlet and the mass flow of 
the carbon dioxide are used to calculate the input of energy. 


Q = M (h out - h in ) (4) 

3. RESULTS AND DISCUSSION 

Only the results at the two extreme conditions of carbon dioxide will be discussed here. 

• The supercritical condition at 80 bar and at a mean temperature of 363 K. 
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• The pseudocritical point in the vicinity of the critical point, at 120 bar and at a mean tem¬ 
perature of 323 K, 

General observations 

• The heat transfer at 80 bar, except for vertically upstreaming carbon dioxide, can still be 
described by the usual heat transfer formulas for buoyancy-free turbulent flow [2], with an 
uncertainty of 20%.. These results are in accordance with the results of Jurgensen and Mon- 
tillon [4], 

• Due to the buoyancy effects at pseudocritical points the heat transfer is significantly en¬ 
hanced at Re-numbers between 2300 and 10 000. This enhancement is completely independ¬ 
ent of the flow geometry. At Re-numbers above 70 000 forced convection is dominating, re¬ 
gardless of the flow direction, and the heat transfer is back to normal again. At Re-numbers 
between 10 000 and 70 000 the heat transfer is dependent of the flow geometry. For down¬ 
streaming or horizontally streaming carbon dioxide the buoyancy induced enhancement of 
heat transfer slowly disappears. For upstreaming carbon dioxide the heat transfer can be de¬ 
creased below the normal values at pseudocritical as well as not pseudocritical points. 

• The vicinity of the critical point not only enhances the different heat transfer phenomena 
that have been observed between the Re-numbers 2300 and 70 000, in general the heat trans¬ 
fer is enhanced. 

Results 

• 80 bar 

Except for the vertically upflowing carbon dioxide the deviation from the formula of 
Gnielinski [2] is below 20%. 



Re 


Figure 2. Heat transfer at a not pseudocritical point at 80 bar. 
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• 120 bar 

Only at high Re-numbers the deviation from the formula of Gnielinski [2] is below 20%. 
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Figure 3. Heat transfer at a pseudocritical point at 120 bar at a small distance from the 
critical point. 


4. CONCLUSIONS 

The great heat capacity and the strong variations in density are mainly responsible for these 
observed heat transfer phenomena. 

The great heat capacity enhances the heat transfer regardless of the Re-numbers and the 
flow geometry. The effect of the density variations is dependent of the Re-numbers. At Re¬ 
numbers below lxlO 4 buoyancy enhances the transfer of heat. At Re-numbers between lxl 0 4 
and 7xl0 4 the direction of flow becomes important: at downflow and at horizontal flow 
buoyancy increases turbulence, which is mainly responsible for the transfer of heat; at upflow 
buoyancy reduces turbulence and therefore the transfer of heat. At Re-numbers above 7xl0 4 
forced convection produces such a strong turbulence, that buoyancy has no effect on the heat 
transfer any more [5], [6]. 
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SYMBOLS 


LMTD = 


T 


AT h - AT C 

in^r 

AT,, 


AT h 

AT C 



K 


K 

K 

K 

K 


logarithmic mean temperature difference: 


Temperature 

temperature of carbon dioxide 
temperature difference at the hot side 
temperature difference at the cold side 


a 

X 

v 

P 


W/(m 2 K) heat transfer coefficent 
W/(m K) heat conductivity 
m 2 /s viscosity 

kg/m 3 density 


Indices 


down 

in 

o 

out 

up 

w 

45 


downstreaming 
at the inner side 

streaming into the heat exchanger 
at the outer side 

streaming out of the heat exchanger 
upstreaming 
at the wall 
inclination of 45° 
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POROCRITICAL FLUID EXTRACTION: A NEW TECHNIQUE FOR CONTINUOUS 
EXTRACTION OF LIQUIDS WITH NEAR-CRITICAL FLUIDS. Marc Sims, James R. 
Robinson and Anthony J. Dennis, (Marc Sims SFE, Setec Inc., Tastemaker), 1012 Grayson 

St., Suite A, Berkeley, CA 94710 

A new supercritical fluid process has been developed for the continuous extraction of 
liquids. The most useful solvent employed in the recently patented process is supercritical or 
near-critical carbon dioxide(l). At the heart of the process are porous membranes. Their 
porosity combined with a near-critical fluid’s high diffusivity create a dynamic non-dispersive 
contact between solvent and feed liquid. The technique is dubbed porocritical fluid 
extraction and will be commercialized as the Porocrit™ Process. 

Extracting liquids continuously with near-critical fluids (NCF) such as C0 2 is usually 
done with contacting columns which disperse one phase in the other. In the new 
nondispersive technique of porocritical fluid extraction, a feed liquid continuously flows 
through a porous membrane module. Near-critical fluid flows counter-current on the other 
side of the membrane. Typical membranes are polypropylene with 0.2 micron pores and 
configured as hollow fiber bundles or spiral wound sheets. Transport of solutes from feed to 
NCF is very efficient. It is driven by the concentration gradient as expressed by the 
distribution coefficients. The high diffusivity of the NCF’s minimizes the intramembrane 
resistance and shell-side bypassing which limit mass transfer when using conventional liquid 
solvents. 

The feed can be many pumpable fluids, including suspensions, so the range of 
applications is wide. Organics can be stripped from aqueous streams such as fruit juices, 
fermentation broths, enzyme reaction mixes and waste water. Carbon dioxide soluble 
components can also be stripped from oils. Applications are seen to be especially appropriate 
in the flavors, pharmaceuticals, environmental, analytical and fine chemicals sectors. 

Porocritical fluid extraction is a more efficient alternative to conventional contacting 
columns which disperse one fluid phase in another. Advantages include high throughput 
capacity without column flooding or emulsion formation, independence of density difference 
between solvent and feed, and modularity of design. There are no large expensive vessels in 
a typical Porocrit™ application. The reduced process complexity and expense can enable a 
broader industrial use of carbon dioxide’s attributes as a non-toxic, environmentally benign 
extraction solvent. 
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Typical Applications tor CO: Porocrtt'** Processing 
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COj EXTRACTION IN AQUEOUS FRUIT AROMA 



Ppm in feed 

Cone, 
fector 
in extract 

Porocrtt™ 

% depletion 

Scheibei 
Column 
% depletion 

methanol 

4,220 

3 



ethanol 

106,000 

7 

20 


1-propanol 

270 

82 

69 


amyl alcohol 

17 

116 

81 

26 

hexanol 

3 

109 

96+ 

63 

octanol 

6 

110 

96+ 


z-3-hexenol 

10 

127 

95+ 


A-terpinaol 

10 

98 

96+ 


tarpln#<i-4-ol 

4 

106 

96+ 

76 

•thyl-acetate 

29 

106 

66 

40 

Et-butyrate 

23 

106 

86 

66 

acetal 

37 

147 

39 


E>2-bexenaJ 

19 

132 

86 


hex anal 

10 

100 

84 


octanal 

6 

156 

95+ 

74 

citronellaJ 

3 

62 

96+ 

62 


Conditions: 100 bar. 24‘C. 2:1, CO,: feed 
Schaibel Column: W. Scfnitz, US DA, 1074 
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Crystallization under Gas Pressure 

H.Freund and R. Steiner* 

*Institut fur Technische Chemie, Friedrich-Alexander-Universitat Erlangen-Nurnberg, 
Egerlandstr. 3, D-910S8 Erlangen 


The economy of melt crystallization processes depends on the product purity, which is 
normally increased by an additional cleaning step. The application of gases under pressure is 
investigated to show possibilities of product quality improvement. Experimental devices for the 
determination of the freezing curve under gas pressure and for a solid layer crystallization 
process are shown. The influence of gas and pressure in respect to the freezing curve are 
explained on the basis of two binary mixtures (trioxane/water and para-/meta-dichlorobenzene) 
under C0 2 - and N 2 - pressure are presented. Furthermore the results of solid layer 
crystallization experiments with naphthalene/biphenyl and para-/meta-dichlorobenzene 
mixtures are shown 


1. INTRODUCTION 

Although melt-crystallization as a purification process has become more common in the 
recent years it is still a barely realized separation technique. There are different designs used 
for crystallization units, whereby the dynamic-layer melt-crystallization, i.e. in a falling film 
crystallizer, is a modification which became more important during the last years. 
Crystallization is normally used for the purification of organic substances where other unit 
operations are not applicable. Reasons for the failure of other processes might be the formation 
of azeotrope mixtures, problems with the stability of substances at their boiling temperature 
and so on. An essential part of the purification by melt-crystallization is usually an additional 
step to remove the enclosed impurities of the crystal layers. This is normally realized with the 
so called „sweating“-step. Due to partial remelting of the solid layers by rising the temperature 
near to the melting point of the pure substance the enclosed liquid impurities are able to reach 
the surface and finally drop down („sweat“) 

The main idea of the presented work is to improve this sweating-step by the application of 
gases under high pressure. 

Applying pressurized gases for melt crystallization is advantageous due to their enhanced 
solubility in liquids. Correspondingly the freezing curve (liquidus curve) depends on pressure, 
sort of gas and melt In this the effects of inert gases (i.e. N 2 ) are small and similar to static 
pressure, but those of more soluble gases (i.e. C0 2 ) are much more distinct. 

In course of crystallization the liquid impurities including solved gas are trapped in the solid 
layer. During expansion the volume of the enclosed gas is increasing and breaks up the solid, 
so that impurities are transported to the surface without remelting parts of the crystals. 
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2. FREEZING CURVE UNDER GAS PRESSURE 
2.1 Apparatus 

Figure 1 gives a schematic drawing of the equipment for determination of freezing points. 
The heart is the sightcell (Figure 2). It is designed for a maximum pressure of 200 bar and 
temperatures between 25°C and 150°C. The inner volume is 20 cm 3 . The cell is supplied with 
sapphire glasses which allow the observation of crystal growth under pressure. A cooling pipe 
is attached horizontal through the sightcell, which is used to initiate crystallization in the 
middle of the cell. 

The pipe is cooled down rapidly by expansion of carbon dioxide (see Figure 1). This 
procedure allows short cooling periods to start nucleation, so that the rest of the melt is hardly 
cooled down. 

Pressure is regulated by the used gas (in this case N 2 or CO 2 ). Temperature of the melt 
respectively of the crystals is measured with a Ni-CrNi thermocouple directly at the throttle 
position (Figure 2). 


g*S- 

lupply 



Figure 1 : Schema of experimental apparatus 



throttle 


Figure 2 : Sight cell cross-section 
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2.2 Measuring 

To determinate the freezing point under gas pressure the cell is filled with melt of known 
composition. Then the wanted pressure is adjusted with the used gas. The measuring 
procedure is started when the phase equilibrium between melt and gas phase at a temperature 
tight upon expected freezing point is reached. 

At the beginning of the determination the C0 2 valve to the cooling pipe is opened for a brief 
moment to start nucleation at the surface of the cooling pipe, so that the temperature at the 
throttle decreases between 3 and 8 K (see Figure 3, point 1 to 2). Because of heat exchange 
between the remaining melt and the cooled area, the temperature of the cell will finally reach a 
level which is about 0.5 K below starting value (Point 2 to 3). If the temperature is still above 
the melting point, the crystals will melt again. 

The cooling procedure is repeated until the melt reaches a temperature, which is low 
enough to allow the nucleuses to remain or to grow slowly. Now the system temperature is at 
or slightly below the freezing point, which itself lies between the end-temperatures of the last 
but one (point 4) and the last cycle (point 5). 


gu- 

lupply 



Figure 3 : Determination of the freezing point in the temperature vs. time plot 


2.3 Results 

The freezing points for the systems para-/meta-dich!orobenzene (p-/m-DCB) (Figure 4) and 
trioxane/water (Figure 5) under 200 bar static pressure, 200 bar N 2 atmosphere, 15 bar C0 2 
atmosphere and normal pressure are compared. 

The experimental results show the influence of different gases on binary mixtures, which is 
mainly based on different solubilities in the examined samples. 

At 200 bar static pressure the freezing temperature is usually between 4°C and 5°C higher 
than at normal pressure. Under 200 bar N 2 atmosphere the increase is about 40 % lower. 
Physical solubility of N 2 results in a relatively small decrease of the freezing point, so that the 
effect of static pressure is still dominant. 

Using C0 2 leads to a complete different behavior. Based on the good solubility of C0 2 in 
the molten mixtures, only 15 bar pressure are sufficient to lower the freezing temperature 
between 6°C (p-/m-DCB) and 8°C (trioxane/water). 
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Figure 4 : Freezing curve of para-/meta-dichlorobenzene 



Figure 5 : Freezing curve of trioxane/water 


The shape of the DCB curves show within the measuring area the expected eutectic 
behavior (Figure 4). Because of the similar structure of para and meta DCB the charts under 
different atmospheres are parallel. 

Trioxane/water has a peritectical point at about 7% water (Figure 5). Additional experiments 
resulted in an eutectic composition of about 90% water under normal pressure. 
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3. CRYSTALLIZATION UNDER GAS PRESSURE 
3.1 Apparatus 

The process is designed as a dynamic layer crystallization. The heart of the experimental 
equipment is an autoclave which is mounted in a way that its incline can be adjusted between 0 
and 90 degrees (see Figure 6). An important feature are four 35 mm diameter windows, which 
allow to observe the beginning and the end of the trickling film on the crystallization device 
(see Figure 7). It was necessary to divide the crystallization surface into six parallel channels, 


windows Technical data: 


1 max pressure 

200 bar 

max. temperature 

150 °C 

outer diameter 

165 mm 

\ inner diameter 

65 mm 

\ \\ length over all 

1080 mm 

\\ inner length 

830 mm 

.// \\ volume 

2.75 1 

1 1 diameter of windows 

35 mm 


Figure 6 : High pressure crystallizer 


interchangeable 

crystallization 

surface 


Pt 100 

thermometer 



heat 

exchanger 


input / output 
heat transfer fluid 


Technical data : 


trickle film width : 

6x5 

m 

cooled length 

400 

mm 

heat transfer fluid flow: 

21/ 

min 


Figure 7 : Crystallization device cross section 


to get an equal distribution of the melt on the entire crystallization surface during the complete 
experiment. Without channels the trickling film is destroyed by crystallized substance and 
therefore melt flows down in narrow streams so that only a small part of the cooled surface is 
moistened and used for crystallization. 
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3.2 Results 

Crystallization without any cleaning step and with thermal sweating is compared with 
crystallization and following pressure sweating in respect to purity and yield of the product 
(see Table 1). The effects of N 2 and C0 2 under different pressures on the crystallization of a 
p-/m-DCB mixture with 8% m-DCB and a naphthalene/biphenyl mixture with 33% biphenyl 
are investigated. 

In both cases the product purity is significant increased by the pressure sweating step. The 
highest purities, however, are reached with the thermal sweating. The yield is generally 
decreasing with increasing purity because the improvement of the product is based on the 
separation of sweating oil from the crystal layer. 

The final purity after the pressure sweating step is limited by the melt which adheres at the 
porous crystal layer. Therefore there is no significant difference between the experiments under 
15 bar C0 2> 50 bar N 2 and 175 bar N 2 atmosphere which means that there is already enough 
gas solved at 15 bar C0 2 respectively 50 bar N 2 in the liquid impurities to transport them with 
the escaping gas to the crystal layer surface. 

By the thermal sweating the crystal layer is washed by remolten product. This leads on the 
one hand to high purities and on the other hand to poor yields. If thermal sweating is compared 
with pressure sweating with the same final purity the yield achieved by the pressure sweating is 
higher because reducing pressure to dissolve the gas leads not to a melting of the crystals. 

Table 1 : Results of the crystallization experiments 


System 

conditions 

yield 

purity 

para-/meta- 

Dichloro- 

benzene 

(92/8) 

no cleaning step 

100 % 

96,3 % 

thermal sweating I 

57% 

98,7 % 

thermal sweating II 

87% 

97,0 % 

pressure sweating, 50 barN 2 

90% 

97,0 % 

pressure sweating, 175 bar N 2 

90% 

97,0 % 

pressure sweating, 15 bar C0 2 

91 % 

96,8 % 

Naphthalene/ 

Biphenyl 

(67/33) 

no cleaning step 

100 % 

73 % 

thermal sweating I 

32 % 

90% 

thermal sweating II 

64 % 

80% 

pressure sweating, 50 bar N 2 

81 % 

80% 

pressure sweating, 175 bar N 2 

81 % 

80% 

pressure sweating, 15 bar C0 2 

76% 

81 % 


4. CONCLUSIONS 

The freezing point apparatus allowed an easy, reliable and reproducible determination of 
freezing points under gas pressure. The experiments resulted in remarkable effects of different 
gases to the melting points of the examined mixtures due to solubility of the gases in the melts. 

The tests showed possibilities and limits of the application of pressurized gases on 
crystallization. An additional economic aspect to yield and purity is that the pressure step 
requires less time than the thermal sweating. Therefore the pressure sweating might be an 
technical alternative if it can be done at relative low pressure (i.e. with C0 2 ) and product 
quality is high enough. Also a combination of pressure and thermal sweating might be useful to 
get a higher yield at high product purities. 
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1. INTRODUCTION 

The importance of biocompatible and biodegradable polymers is continuously 
increasing in medical applications. These materials are extensively used in sutures, medical 
implants to treat bone fractures, skin implants and regeneration, and controlled drug delivery 
devices [1]. For this last applications the biocompatible substance has to be loaded with a 
drug. The drug is then released either by erosion of the polymeric host [2] or by diffusion 
through the polymer. In this case, the dimension and shape of the polymer matrix assume a 
relevant role especially when the polymer is gradually degraded in vivo to non-toxic products: 
in fact, from these two factors depends the way of application to the patient and the rate of 
drug release. 

In the present work, the hyaluronic acid benzylic ester (HYAFF-11) is considered. The 
HYAFF polymers have raised particular interest in various applications [3], Depending on the 
alcoholic group, the polymer degrades to compatible products helping skin regeneration, or 
remains in the organism acting as a substrate for cellular replication. At present, this 
biodegradable material is produced in different shapes: thin films, perforated membranes, 
thread, and microspheres. 

The production of polymeric HYAFF microspheres loaded with the pharmaceutical is 
currently performed by solvent emulsion precipitation [4]. This process requires the 
preparation of an emulsion of two immiscible liquids. The polymer and the co-precipitated 
pharmaceutical can be inactivated or degraded due to the temperature that is required for 
solvents removing. Moreover, a complete separation of the residual solvents cannot be 
achieved and a relevant percentage of liquid is retained within the final product. Finally, 
liquid solvent and antisolvent cannot be recovered. 

An alternate method which takes advantage of the favourable properties of solvents at a 
or supercritical state was explored. Nowadays, SCFs are becoming extremely attractive as 
extraction and reaction media also in the pharmaceutical industry [5,6], An application of 
promising interest is the micronization of pharmaceuticals, which can be achieved by different 
techniques: the rapid expansion of supercritical solutions (RESS) [7] and the supercritical 
anti-solvent process (SAS) [8], This work is concerned with the production of HYAFF 
particles through a batch SAS technique. Its applicability is assessed and the influence of 
operating variables to dimension, shape and morphology of the product is considered. The 
coprecipitation of drugs within the HYAFF polymer is also investigated. 
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The possibility to obtain a full solvent-free product, controlling in the same time the 
dimension of particles, is probably the most important feature when pharmaceutical 
substances are used. In the SAS process the SCF is used as the antisolvent. An organic solvent 
has to be involved in addition to the SCF and the solid solute. Basically, the process is 
performed by first dissolving the solid of interest in the organic liquid; then, the SCF, which 
has low solvent capacity with respect to the solid but is completely miscible with the liquid, is 
added to the solution to get the precipitation of the solid. This method has been proposed by 
Gallagher and coworkers [8] to crystallize difficult-to-handle high explosives. Recently, other 
applications have been set forth to produce crystals of pharmaceuticals [9,10], 

The volumetric expansion of the liquid when it is contacted with the SCF plays the key 
role in the process. The behaviour reported by Yeo et al. [10] and by Kordikowski et al. [11] 
for the dymethylsulfoxide (DMS0)-C0 2 system at two temperatures shows that C0 2 
produces a remarkable volumetric expansion of DMSO near the mixture critical point. The 
increase of antisolvent amount in the mixed solvent and the evaporation of the organic liquid 
into the SCF eventually cause the precipitation of the solute. A cleaning step, carried out with 
pure antisolvent, is necessary after the precipitation, in order to remove completely the liquid 
solvent from the solid particles: the antisolvent pushes the liquid out of the vessel, then it has 
to extract the residual solvent from the solid and the dry solid particles can be collected. 

2. EXPERIMENTAL SECTION 

A jacketed precipitator (internal volume: 0.4 Nl) is the main unit of the SAS 
arrangement, as shown in Figure 1. The loading of C0 2 into the cell was operated from the 
bottom, with a metallic filter (frit) acting as a distributor; after the desired pressure (normally 
100 bar) was reached, the washing step was started with the solution leaving the precipitator 
from the top. Solid particles were trapped by the frit located at the top. During each run, the 
chamber temperature was kept constant with values which ranged from 35°C to 50°C, 
depending on the specific run. The pressure was regulated with a millimetric valve which was 
located downstream the precipitator. In the post expansion vessel, operating at atmospheric 
conditions, liquid DMSO was collected and the C0 2 was vented to the metering section (dry 
test meter; rotameter UCAR, mod. Matheson, type 7640T; measuring tube mod. 603). 



Figure 1: Schematic of the experimental apparatus. Legend: C0 2 reservoir (A); C0 2 bomb 
(B); expansion vessel (E); flow indicator (F); precipitation vessel (PR); HPLC pump (PS); 
C0 2 pump (PV); flow meter (R); heat exchanger (S#); valve (V#); regulating valve (VMM). 
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The process required four steps: the loading of the cell, with the CO 2 entering from the 
bottom of the precipitator and bubbling through the liquid solution; the washing out of the 
solvent; the purification of the product; the depressurization of the vessel. 

Pressure gradients from 5 to 20 bar/min were used during the loading step, up to 100 
bar. To dry the particles, CO 2 flow rate was kept at 8 to 12 Nl/min for 90 to 150 min 
depending on the temperature and the amount of starting solution. Three polymer 
concentrations were used: 0.5, 1.0 and 1.5 % by weight (HYAFF in DMSO). In the co¬ 
precipitation runs, the drug was dissolved in the organic liquid solution. The solid particles 
collected from the vessel were examined by scanning electron microscopy (SEM). 

2.1. Materials 

The HYAFF-11 polymer used in all the experimental runs was supplied by F.A.B. 
(Fidia Advanced Biopolymers, Abano Terme, Italy). The F1YAFF-11 (US patent 4,851,521) is 
a hyaluronic acid ethyl ester in which all the acid carboxylic groups are esterificated with 
benzylic alcohol. The hyaluronic acid is a polysaccharide widely distributed in animal 
organisms; it is composed by D-glucuronic acid and N-acetyl D-glucosamine monomers in 
repeated sequence. The acid molecular weight vary between 2xl0 4 and 7xl0 6 Da, while for 
the HYAFF polymer the range is between 180,000 and 200,000 Da. The HYAFF-11 
monomer form is a dymer with a molecular weight of 469.34. Co-precipitation runs were 
performed on two steroids (herein called Ex and Nx) and a protein (herein called Cx), all of 
them supplied by F.A.B. The DMSO (Rudi Pont, reagent grade) was used as an organic 
solvent. It shows high solvent power with respect to HYAFF (2504-270 mg/ml at 25°C) and 
high expansivity when contacted with carbon dioxide. Pure liquid CO 2 (99.9%) was 
purchased from Rivoira, Italy. The CO 2 was cooled and stored in an insulated vessel provided 
with an internal cooler. Sub-cooled C0 2 was pumped by means of a high pressure piston 
pump (Off. Mecc. Gallaratesi, mod. 2M- 10x70, MI, Italy). 

3. RESULTS AND DISCUSSION 

In the batch SAS process the low pressure gradient value, coupled with a uniform 
distribution of the antisolvent into the liquid, leads to a uniform expansion of the solution. 
Due to the relatively low expansion time, macro particles should be obtained; however, at the 
pressure where the solvent power dramatically decreases, the CO 2 mole fraction in the liquid 
phase is expected to be around 0.9, so that the supersaturated solid molecules are highly 
dispersed in an expanded media and a high number of critical nuclei is produced. Combining 
these features one could obtain, in principle, small spherical particles with a narrow size 
distribution. Furthermore, the amorphous nature of the polymer, coupled with its high 
molecular weight and high purity and absence of localized electric charges, influences the 
growth process so that a spherical geometry for the nucleating particles is attained. 

Experimental conditions of temperature and pressure were chosen in order to avoid 
liquid phase segregation. The temperature has a negligible effect on the morphology and 
dimension of the powders obtained; therefore, its value was selected to avoid the polymer 
degradation and to shorten the drying time. 

We noted that polymer concentration in the liquid solution affects the nucleation 
process. From dilute solutions an aggregate structure of particles fused together is produced. 
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By suspending the sample on water and sonicating the solution, it was not possible to separate 
the single particles. When higher concentrations were used, micronic spheres with a narrow 
size distribution were formed, as reported in Figure 2. A light dependence of particle 
dimensions on concentration was observed: moving to higher concentrations smaller 
microspheres were obtained. To control particle size, pressure gradient in the loading step and 
solution stirring can be used. 

A typical particle size distribution of sample as in Figure 2 is shown in Figure 3. Every 
run produced particles smaller than 1 pm, average diameter is around 0.4 pm. Compared to 
the liquid antisolvent process, the improvement achieved in term of particle size is 
remarkable; in addition, the number of organic solvents used is now reduced to one and both 
solvent and antisolvent can be recovered. 


Figure 2: SEM photo of microsphere 
formed at 7’=40°C, /MOO bar, G CO2 =8.0 
gr/min; Conc. HY AFF~10 %w/w in DMSO 
(bar=lpm, x 10000). 

The co-precipitation of pharmaceuticals with the polymer was performed to assess the 
possibility of producing a controlled drug delivery system. Different drugs were initially 
solubilized with the biopolymer in the same liquid solvent. The process was carried out at 
similar operating conditions and the results and product obtained were again satisfactory, as 
depicted in Figure 4. Average particle sizes, analyzed with a Coulter Nanosizer, are reported 
on Table I for drug Cx. 

Table I 

Mean particle size, as a function of SAS operating conditions, for the co-precipitation of drug 
Cx. Precipitator pressure is set equal to 100 bar for all the experimental runs, HYAFF 
concentration is set equal to 1% w/w. AP/t is the pressure gradient in the loading step. 


run 

T,°C 

AP/t, bar/min 

mean size, nm 

Cx 1 


15 

360 

Cx2 


15 

Em '■ 

Cx 3 

35 



Cx4 

35 

20 

320 



»1 



Figure 3: Particle size distribution for the 
SAS batch run as in Figure 2. 
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The yield of drug precipitation in the collected particles is acceptable for drug Cx, as it 
can be seen in Table II. However, a problem arised when the drug used has a non-negligible 
solubility in the supercritical antisolvent: in this case, the step for removing DMSO turned to 
be an extractive step for the drug already co-precipitated in the microspheres, as reported on 
Table II for Ex and Nx drugs. 

Table II 

Initial and final drug loading in HYAFF-11 microspheres for different pharmaceuticals. 
HYAFF concentration is set equal to 1% w/w. Drug content is referred to HYAFF. 

run drug T,°C drug content 

initial final 


Ex\ 

Ex 

40 

30 mg/gr 

5.5 mg/gr 

Ex2 

Ex 

40 

300 mg/gr 

61.0 mg/gr 

Nx\ 

Nx 

40 

250 mg/gr 

n.d. 

Nx 2 

Nx 

40 

500 mg/gr 

n.d. 

Cxi 

Cx 

40 

1.5 IU 

1.0 IU 

Cx 2 

Cx 

40 

10IU 

9.2 IU 

Cx 3 

Cx 

40 

5 IU 

4.3 IU 

Cx 4 

Cx 

35 

10 IU 

8.6 IU 


In all cases, the SAS process ensured the total recovery of the polymer initially charged 
in the precipitator. The residual DMSO content was usually lower than 1.5%, and this value 
can be further decreased by increasing the length of the purification step. 

Finally, Figure 5 shows preliminary results of in-vivo experiment: the blood levels in 
rats for drug Ex are reported as a function of time after the injection into the animal. The 
microspheres were formulated into pessaries, each pessary containing 25 pg of drug, as well 
as control pessaries were prepared containing the same amount of Ex. The pessaries were 
administrated to 4 groups of 5 rats, each rat weighing approximately 300 g. 


Figure 4: SEM photo of microsphere 
formed at the same conditions of Figure 2 
but with drug Cx co-precipitated (bar=l pm, 
x 10000). 


Figure 5: In vivo release of drug Ex from 
HYAFF-11 microspheres (A,V) compared 
to control release (o). 
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Comparison between the release profiles obtained with the two formulations is 
displayed. Since drug Ex has an appreciable solubility in SC CO 2 , it remains preferably on the 
suface of the HYAFF particle so the drug release for the two formulation presents no 
substantial difference. 

4. CONCLUSIONS 

A supercritical C0 2 -based technique was applied to produce a biocompatible polymer in 
form of microspheres. With the SAS process carried out in a batch mode, micronic particles of 
polymer were obtained with a narrow particle size distribution. Co-precipitation of 
pharmaceuticals for the production of controlled drug delivery systems has been proposed as a 
preliminary result, since further analyses are under development. The experimental apparatus 
is easy-to-use and the purification of the precipitated solid from the solvent can be achieved 
by suitably increasing the time for solvent removing. 
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A new developed process PGSS (Particles from Gas Saturated Solutions) was applied for 
generation of powder from polyethyleneglycols. Principle of PGSS process is described and 
phase equilibrium data for the binary systems PEG-C0 2 for the vapour-liquid and the solid- 
liquid range are presented in a “master diagram". The influence of the process parameters on 
particle size, particle size distribution, shape, bulk density and crystallinity is discussed. 

1. INTRODUCTION 

Several new processes for formation of solid particles with defined particle size and particle 
size distribution using supercritical fluids were developed in the past years. Examples are 
crystallisation from supercritical fluids, rapid expansion of supercritical solutions (RESS), gas 
antisolvent recrystallisation (GASR), and PGSS (Particles from Gas Saturated Solutions)- 
process [1,2]. 

Polyethyleneglycols (PEGs) are water soluble polymers, which are due to their physiological 
acceptance used in large quantities in pharmaceutical, cosmetic and food industry. The general 
formula of PEG'S is H(OCH 2 CH 2 )„OH. where n is the number of ethylene oxide groups. PEG 
is, like other polymers, a mixture of homologues where n varies between certain numbers. 
PEG'S up to molar mass of 600 g/mol are liquid while those with higher molar masses are 
solid. PEG is usually manufactured as flakes but in some applications it is used as a powder 
which is obtained by milling of flakes. Milling is possible for PEG’S with molar masses 
between about 2000 g/mol and 10000 g/mol. PEG's of lower molar mass are too greasy and 
higher PEG's are too hard. Not only with respect to flexibility for different feedstocks, the 
new developed process - PGSS - is favourable for the generation of fine particles. 

2. PGSS - PROCESS 

The solubility of compressed gasses in liquids is usually quite high.. Dependent on pressure 
and temperature concentrations of highly compressible media between 5 - 50 % by weight can 
be dissolved in the solute (liquid). Due to the solubilized gas the properties of the liquid are 
changed. 

Gas saturated solutions possess lower viscosity (e.g. in the region of viscosity of water). The 
surface tension between gas and liquid phase is also lowered. By the expansion of such gas 
saturated solution over a nozzle or other expansion device the compressed medium is set free, 
due to its high vapour pressure. Therefore the solution is cooled. At the same time high 
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supersaturation occurs and fine particles are formed. The crystallinity, particle size and 
particle size distribution can be influenced by the process parameters. 



Figure 1: Basic scheme oj a process 
for production of particles from gas 
saturated solution 


On Figure 1 a schematic diagram of a process for 
production of particles from gas saturated solution is 
presented. 

The equipment consists of a high pressure part where 
the highly compressible medium/gas is dissolved in 
the substance which has to be micronised. The 
second part of the equipment is the expansion device, 
where the gas saturated solution is rapidly 
depressurized through a nozzle into a spray tower 
where the particles with a diameter >10 pm are 
separated. 

The depressurized gas, which contains smaller 
particles (1-10 pm), is led into a cyclone where they 
are collected at the bottom. The finest particles 
< 1 pm can be separated from the gas stream in an 
electrofilter. 


3. PHASE EQUILIBRIUM IN THE BINARY SYSTEM PEG-CQ 2 


For the design of a process for formation of solid particles using supercritical fluids, data on 
solid - liquid and vapour - liquid phase equilibrium are essential. PGSS process is only 
possible for systems where enough gas is solubilized in the liquid. 


WO ,- 



o . . . ..-- - . ---J 

or i id) in ioo i.u ns 


rwdKtdMnfxrabv* |-| 

Fig 2: Lines of constant compo¬ 
sition (isoplethes) for PEG 1500 - 
CO 2 (vapour-liquid) 


Several authors [3-9] studied the solubility of 
polymers in supercritical fluids due to research on 
fractionation of polymers. For solubility of SCF in 
polymers only limited number of experimental data 
are available till now [e.g. 4,5,10-12]. Few data (for 
PEG'S with molar mass up to 1000 g/mol) are 
available on the vapour-liquid phase equilibrium PEG 
-CO 2 [13]. No data can be found on phase equilibrium 
solid-liquid for the binary PEG'S -CO 2 . Experimental 
equipment and procedure for determination of phase 
equilibrium (vapour -liquid and solid -liquid) in the 
binary system PEG'S -C0 2 are presented in [14]. It 
was found that the solubility of CO 2 in PEG is 
practically independent from the molecular mass of 
PEG and is influenced only by pressure and 
temperature of the system. 

The values of measured phase equilibrium data were 
plotted in P-T diagrams (fig.2) as lines of constant 
composition (shown for PEG 1500). On the abszisse a 





225 


reduced temperature is indicated, which is the ratio between the actual temperature and the 
melting temperature of the PEG under consideration. 



The isoplethes are approximately a linear function of 
pressure and T re d- The slope of constant composition 
lines depend on vapour pressure of a component in 
solution. With increased solubility of gas in PEG the 
incline of the isoplethes and vapour pressure increases. 
In the measurements of P-T diagram for a system PEG- 
CO 2 a liquid solution of CO 2 in PEG is established 
even below the melting point of PEG at ambient 
pressure. This phenomenon is caused by a reduction of 
the liquefaction temperature of PEG in presence of 
pressurized CO 2 . 

Measured data for the solid-liquid transition of PEG- 
1500, PEG-4000, and PEG-35000 g/mol are presented 
in Figure 3. 


Figure 3. P-T diagram for solid- On Figure 4 the liquefaction of PEG in presence of 

liquid transiton of PEG in C0 2 is shown in a p-T red plot. At low pressures the 

presence of CO 2 . liquefaction temperature slightly increases compared to 

the melting point of the pure PEG. Than a sharp 
decrease is observed. The liquefaction temperature 
passes a minimum and increases again. The curvature 
can be interpreted as follows: 

Gas saturated solutions of CO 2 in PEG liquify at 
temperatures which may be considerably lower than the 
melting point of PEG. This effect is influenced by 


• pressure dependency of pure PEG's melting point, 

• gas solubility and 

• pressure dependency of gas solubility. 


Figure 4: P-T re d diagram for systems 
polyethyleneglycol-COi. 

Thus at higher gas concentrations ( : 
increases with pressure. 


At low pressures the solubility of CO 2 in PEG is low. 
The increase of the melting point of PEG with (static) 
pressure outweighs the diminishing effect of CO 2 . In a 
medium pressure range the reducing effect of CO 2 
dominates. At a further pressure increase, the amount 
of dissolved CO 2 in the liquid increases. At the same 
time pressure dependency of the gas solubility 
decreases (see fig. 2, slope of 0,05 line and 0,25 line). 
= higher pressures) again the liquefaction temperature 



Extrapolation of constant composition lines (from Fig. 2) to the S-L line (reduced melting 
point line) gave the pressure and temperature at which a certain composition of PEG-CO 2 
solution can be obtained (or is reached). Because melting point line in P-T re d diagram is valid 
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for the whole range from 1500 to 35000 g/mol we can suppose that the diagram on Figure 5 is 
valid for all PEG-CO 2 solutions up to PEG 35000 g/mol. 

In such a diagram the expansion according to the 
PGSS-process is represented by the isoplethes (the 
composition does not change during the expansion). 
The gas saturated solution is established at pressures 
and temperatures which are on the right hand side of 
the liquefaction curve (s-l-v line). On the left hand side 
of the liquefaction curve solid PEG coexists with 
gaseous CO 2 . The starting conditions have to be 
chosen in that way, that the end conditions after 
expansion are in the s-v-region of the binary system. 
An initial estimation can be performed by an energy 
balance [15] which takes into account: 

• enthalpies of CO 2 before and after expansion (e.g. 
from an T,S-diagram) 

• enthalpies of PEG before and after expansion (e.g. 
from heat capacity of liquid and solid PEG) 

• enthalpy of solution of CO 2 and PEG (e.g. derived 
from phase equilibrium data) 

• heat of crystallisation of PEG (from literature date or DSC) 

• mechanical energy for the formation of new interface (is in most cases two to three orders 
lower than the thermal energies and can therefore be neglected). 

For the production of fine dispersed PEG by expanding CC> 2 -saturated solutions the initial 
guess indicates that the starting conditions should be near the liquefaction curve in order to 
allow to reach the solid-gas region after the expansion. This is further illustrated by the 
spraying experiments. 



melting point line and constant 
composition lines. 


4. Pgss of PEG 

The experiments were performed in a lab-scale plant with sample sizes of about 200 - 400 g 
powder and in a small pilot plant with sample sizes of 1 - 3 kg powder. Depending on the 
nozzles (orifices 0,4 / 0,5 /1,0 mm, spraying angles 30° and 90°), the kind of PEG (MW 
1500/4000/8000/35000) and on pressure (100-250 bar) and temperature (45 - 70 °C) the 
spraying times reached from about 45 s to 180 s. The obtained particles were characterised by 
Scanning Electron Microscopy, Differential Scanning Calorimetry and by granulometric 
analysis. The results can be summarised as follows: 

• Three classes of particles were obtained based on process parameters: fibers, spheres and 



Figure 6: Shape of the particles of PEG obtained by PGSS process 
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sponges as presented in Figure 6. Spheres are obtained when the initial temperature is so 
high (approx. 30 K above the melting point), that the product is not completely powderous. 
Fibres are preferably obtained, when the molar mass of the PEG increases. The „normal“ 
configuration are the sponges. 


• From DSC measurements of fresh powders (some minutes old) it was derived, that the 
crystallinity is between 85 to 90%. Elder powders (1-6 weeks) have a crystallinity which 
correspond to the conventional PEG's. 



I*r —i w [bar| 


Fig. 7: Particle Size of PEG 4000 as 
function of pressure and temperature 


In the investigated pressure range the saturation 
pressure has almost no influence on the mean 
particle size (fig. 7). With increasing tempe¬ 
rature the obtained particles become bigger. 

The increase in particle size at high saturation 
temperature (70 °C) and low pressure (100 bar) 
indicates, that at these conditions the substance 
is not completely powderous. 

Pressure and temperature have almost no 
influence on the bulk densities. Freshly produ¬ 
ced powders (T sa , = 50 and 60 °C) of PEG 4000 
have bulk densities between 105 and 130 kg/m 3 . 

The diameter of the nozzle influences the mean 
particle size. Spraying of PEG 4000 in the pilot 
plant with a 0,4 mm nozzle result in mean 
particles sizes of 170 - 370pm (depending on 
saturation temperature, fig.7). A 1 mm nozzle 
gave particles between 350 - 500pm. 
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Fig. 8: Cumulative distribution 
and density distribution by mass of 
PEG 1500 


An increase in nozzle dimensions gave also an 
increase in bulk densities. The bulk densities of 
the powders obtained with 1 mm nozzle are 
about 50% higher than those of the 0,4 mm 
nozzle. 

• The particle size distributions (PSD) are quite 
narrow. As an example the PSD of PEG 1500 
which has been saturated at 45 °C and 120 bar 
with CO 2 is shown in Fig. 8. 

• An easy-to-measure indication that the starting 
conditions does not allow to obtain a completely 
powderous product is the temperature in the 
spray tower, which is than in the range of the 
melting point of PEG. In this case a further 
cooling can be achieved by adding additional 
CO 2 before the expansion of the gas saturated 
solution. By this method the temperature after 
expansion may be brought to low values, e.g. 
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20- 40 K below the melting point. The overall CO 2 consumption rises from 0,17 - 0,3 kg / 
1 kg of PEG to 0,4 - 0,7 kg / 1 kg of powdered PEG. At the same time the mean particle 
size is decreased hy a factor of up to three compared to the experiments without CO 2 - 
addition. 


5.SUMMARY 

The PGSS-Process is a versatile and simple method to produce fine dispersed powder of 
Polyetheneglycols. Compared to milling processes it allows to treat not only PEG with lower 
molar mass (which are too greasy), but also polymers with higher molar mass (up to 
35.000 g/mol), which are too hard for grinding in conventional machines. The particles are 
relatively small (150 to 400 pm), with bulk densities between 100 and 180 kg/m 3 . By 
adjusting suitable process parameters (temperature, nozzle, CC^-addition) the particles, 
particle size distribution and the morphology can be adapted to specific requirements. Due to 
the good solubility of CO 2 in PEG the gas consumption is low. Typical ratios are between 
0,17 to 0,8 kg of gas per 1 kg of PEG powder. These values are also low compared to classical 
processes like spray drying, solvent crystallisation or freeze grinding. Typical values of gas 
consumption (e.g. drying or cooling gas) for such processes are from 2 to 20 kg gas/kg solid. 
The PGSS-produced PEG powders are solvent free, which is an important boundary condition 
e.g. for pharmaceutical applications. 
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Regeneration of Loaded Supercritical Carbon Dioxide with Activated Carbon 
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Supercritical fluid extraction (SFE) is a suitable process for many separation problems. The 
regeneration of the supercritical fluid is as important as the extraction step itself. Therefore this 
paper presents a method to do this in a more isobaric way than the customary pressure reduc¬ 
tion regeneration. For the example of soil remediation we have investigated the activated car¬ 
bon regeneration of supercritical carbon dioxide loaded with the low-volatile polycyclic aro¬ 
matic hydrocarbon (PAH) pyrene. Characteristics of supercritical fluid extraction for soil 
remediation are elevated temperatures and pressures up to 370 K and 300 bar. For this reason 
adsorption isotherms of pyrene on activated carbon up to these conditions are measured first. 
Subsequently this method is used to regenerate carbon dioxide in a closed solvent cycle plant 
with a 4 1 extractor. An economic analysis using these results indicate that the soil remediation 
costs will decrease for about 20 - 30 % by means of an activated carbon adsorber. 

1. INTRODUCTION 

In recent years, supercritical fluid extraction has received widespread attention for the re¬ 
moval of non- or low-volatile organic components from liquid and solid matrices. This process 
has many potential applications like analytical extractions, applications in the food and drug 
industry, activated carbon regeneration or soil remediation. 

In the field of soil remediation, a great number of bench scale experimental and theoretical 
studies have been published showing the applicability of the SFE process for the cleanup of 

hydrocarbon contaminated soils for instance 
[1-4]. For further process development 
from laboratory plant scale to technical 
plant scale the expense of the cleanup are 
the main criterion if the efficiency of the 
SFE has been proved successfully. Whereas 
the extraction step of the SFE is well exam¬ 
ined in the literature, possibilities for regen¬ 
erating the loaded supercritical fluid are 
only investigated by few authors [5,6], For 
a process in larger scale the regeneration 
and recycle of the supercritical fluid is a 
must to lower the costs of the SFE. 

A great advantage of supercritical fluids 
is the possibility to separate the extracted 
solute from the solvent by simple pressure 
reduction to subcritical pressures. The solubility of most solutes in supercritical fluids virtually 
vanishes and therefore the solutes precipitate at these conditions. For example, pyrene solubil- 



pressure p [bar] 

Figure 1. pyrene solubility in carbon dioxide [7] 
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ity isotherms are shown in figure 1. It can be realised that the solubility of pyrene decreases 
several orders of magnitude in the vicinity of the critical pressure of carbon dioxide (73.8 bar). 
But the disadvantage of this separation process is the high specific energy consumption for 
recompressing the solvent. Therefore, alternative separation processes with a smaller pressure 
reduction or isobaric methods like absorption, adsorption or the use of membranes are interest¬ 
ing. Up to now results for a supercritical fluid separation by membranes are disappointing due 
to blocked and compacted membranes and very small permeating solvent streams [6], On the 
other hand the absorptive regeneration of supercritical fluids is already used in technical scale 
for example for the regeneration of caffeine loaded carbon dioxide by water [8], This is feasible 
due to the very low solubility of the absorbent water in carbon dioxide and the hydrophilic na¬ 
ture of the solute caffeine. But most of the organic liquid absorbents are miscible with carbon 
dioxide at high pressures so it is very difficult to find an absorbents for hydrophobic solutes 
like PAH with very low solubility in carbon dioxide. For that the most favourable technique is 
the adsorption at activated carbon because activated carbon has a high adsorption capacity and 
very low output concentrations can be achieved. This kind of separation is also used for the 
regeneration of carbon dioxide loaded with caffeine up to pressures of 30 MPa and tempera¬ 
tures up to 318 K [9], In our research work we transfer this separation for the regeneration of 
carbon dioxide in a closed solvent-cycle-plant for the remediation of soil which is contaminated 
with low-volatile PAH pyrene. 

2. ADSORPTION ISOTHERMS 

Adsorption isotherms of pyrene on activated carbon were obtained by measuring break¬ 
through curves. The adsorption experiments involved passing a stream of carbon dioxide con¬ 
taining a known concentration of pyrene through a bed of activated carbon and monitoring the 
UV absorbence of the column effluent until breakthrough occurred. Mathematical analysis of 
these curves allows the construction of adsorption isotherms. A schematic diagram of the ex¬ 
perimental apparatus is presented in figure 
2. Liquid carbon dioxide is charged into a 
high-pressure liquid pump and compressed 
to the desired pressure. The stream is 
passed through a preheater in the first oil 
bath, where it is brought to bath tempera¬ 
ture, and through a column (saturator), 
filled with a mixture of 1 mm diameter 
glass beads and the organic solid solute of 
interest in excess. Disks of sintered metal 
at the ends of the column prevent entrain¬ 
ment of the solute. After exiting the first column, the saturated carbon dioxide flows into a 
second oil bath, where it is heated to the adsorption temperature. In this second oil bath, the 
carbon dioxide passes through another column (adsorber), filled with activated carbon. Both 
columns could be bypassed, the adsorption column could be completely isolated if necessary. 
Then the effluent flows through a 6-port sample valve with a 100 pi loop and a following high- 
pressure UV detector. The UV detector provides a continuous concentration measurement of 
the effluent. The 6-port valve is used, to take samples of the carbon dioxide stream for analysis 
and calibration of the UV detector. For this the loop volume is injected into a pressurised 
stream of a suitable HPLC solvent. This mixture is carefully discharged into a fared vial, and 



vent 



M- 

detector 


Figure 2. setup of the adsorption apparatus 
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the sample loop and tubing is flashed with additional solvent. This mixture is analysed by 
HPLC. Finally, the flowrate and the total amount of carbon dioxide is monitored by a gas me¬ 
ter, placed after the metering valve. The temperatures of the two oil baths are controlled within 
0.1 K and the pressure is measured and controlled with an accuracy of ±0.03 MPa. The carbon 
dioxide flowrates used during the experiments ranged from 0.3 to 0.5 1/min at STP. 

The technique with two different oil baths enables one to achieve different solute concen¬ 
trations in the carbon dioxide by adjusting the 

i6i|-—-—— temperature of the first oil bath. But it is impor- 

r x f tant to note that this setup has some limitations 

_ 12 ■ 1 closing »dsorber bypass due t0 orc j er 0 f t he solubilities in the two oil 

i baths. To prevent supersaturation and precipi- 

^08 tation of the solid solute in the adsorber oil bath, 

| the temperatures of the oil baths has to be ad- 

> 04 justed according to the pressure. For a pressure 

3 i b,eak - below the crossover pressure (see figure 1) the 

00 J - adsorption -_ through adsorber temperature must be lower than the 

o 20 ao 6 o so too 120 i 4 o saturator temperature, and vice versa above the 
time t [min] crossover pressure. A typical breakthrough curve 

Figure 3. typical breakthrough curve is shown in figure 3. There is nearly no pyrene in 

the carbon dioxide stream during the adsorption 
time and the breakthrough curve is very steepy. 

Results of these experiments are shown in figure 4 and figure 5. The particle size of the 
used activated carbon (supplied by Merck) was 0.3 mm with a N 2 -BET surface of approxi¬ 
mately 600 m 2 /g. Figure 4 shows the adsorption isotherms as a function of the pyrene concen¬ 
tration in the inlet stream at different temperatures and a pressure of 250 bar. Figure 5 presents 
the dependence on temperature and pressure at saturation conditions due to figure 1 in the 
inlet. Lines in figure 4 are results of a regression between the measured adsorption data and the 
Freundlich model for adsorption. The Freundlich isotherm provides a good fit and describes 
the general shape of the experimental data. 
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Figure 3. typical breakthrough curve 
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Figure 4. adsorption isotherms for pyrene Figure 5. pressure influence on the adsorption 


The adsorption capacity of activated carbon for pyrene is very high (up to 0.6 g/g). The 
uptake decreases with increasing pressure but increases with temperature. This is in correspon¬ 
dence with results from literature found for the adsorption of DDT [10] or phenanthrene [11] 
on activated carbon. One important information is the shape of the adsorption isotherms. This 
kind of isotherm shape is generally favourable for adsorption For that it is possible to regen- 
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erate loaded carbon dioxide with activated carbon moreover even at 300 bar and 70 °C the 
uptake is roughly 0.3 g/g. But on the other hand it would be nearly impossible to regenerate 
PAH loaded activated carbon by supercritical carbon dioxide. 

3. CARBON DIOXIDE REGENERATION 

The setup of the technical scale extraction plant with a capacity up to 6 kg soil and a pos¬ 
sible carbon dioxide mass flow of 40 kg/hr in a closed-solvent-cycle is shown in figure 6. The 
carbon dioxide from the storage tank reaches extraction conditions by passing a pump and a 
heat exchanger. The carbon dioxide flows through the extractor and gets loaded with the con¬ 
taminants. After pressure reduction the solvent is led into the separation vessel where the solid 
contaminants either precipitate due to pressure reduction or deposite on activated carbon. A 
more detailed drawing of the separator with the basket filled with activated carbon is shown in 
figure 7. The regenerated solvent flows back into the storage tank and can be used again for 
extraction. 




Figure 6. extraction plant 


Figure 7. design drawing of the separator 


The extraction plant is equipped with two UV detectors, one after the extractor and the 
other after separator to provide a continuous concentration measurement of the effluents. 
Moreover it is possible to take samples of the carbon dioxide at the same places for analysis 
and calibration of the UV detectors (not shown in figure 6) the same way as described for ad¬ 
sorption isotherms measurement. 

Figure 8 shows the course of pyrene concentration in the carbon dioxide stream leaving the 
extractor and the separator for an extraction of pyrene contaminated sand at 180 bar and 80 °C 
and a pressure reduction regeneration at 90 bar and 60 °C (supercritical conditions, too). It is 
obvious that the pyrene concentration in the extractor effluent reaches high values up to 430 
mg/kg. The saturation concentration at these conditions is about 1100 mg/kg (see figure 1). 
Due to the volume of the piping between extractor and separator and the volume of the separa¬ 
tor itself the concentration in the separator effluent raises only weekly and has a slight maxi¬ 
mum with about 40 mg/kg long time after the highest concentration in the extractor effluent 
was reached. 

Figure 9 presents the effluent concentrations of the separator. Due to the pressure resis¬ 
tance of the separator only adsorption pressures up to 120 bar can be realised. So an isobaric 
regeneration of the carbon dioxide was not possible. Results for 110 bar and 70 °C 
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(supercritical conditions) are shown in figure 9. There is a significant difference between the 
pressure- and the pressure-adsorption-separation (note the axis break). Due to the construction 
of the sintered metal basket filled with activated carbon there was first still a certain pyrene 
concentration in the carbon dioxide because of a possible short circuit flow (see figure 7). This 
was changed by another construction of the basket blocking the upper section of the sintered 
metal basket. The results with this basket are significantly better. Now there was almost no 
pyrene in the effluent detectable. Although an isobaric regeneration was not possible, these 
results show the possibility to raise the separator pressure without getting a worsen separation. 
Figure 9 shows also the influence of water on the separation (doted line). Water is a natural 
part of soil, so in practice the carbon dioxide gets loaded with water during the extraction step. 
For that experiments were made with moistened (10 weight percent water) soil, but only a 
small influence on the regeneration could be investigated, which has to be regarded in detail 
elsewhere. 



Figure 8: course of concentration in the ex- Figure 9: influence of activated carbon on the 
tractor and separator separator concentration at 110 bar, 70 °C 

4. ECONOMIC ANALYSIS 

Calculations of treatment costs for supercritical soil remediation were made with a com¬ 
puter model that evaluates the capital and operating costs depending on plant capacity, carbon 
dioxide conditions for extraction and separation, operating conditions, soil transport and pre- 
treatment and other boundary conditions like maintenance, depreciation or insurance. Some 
additional important parameters for the plant design are given in table 1. 

Table 1 

Parameters for a proposed SFE technical plant _ 


Material 

pyrene contaminated soil 400 mg/kg 

Extraction Conditions and Time 

300 bar, 140 °C, 1.0 hr 

Solvent 

23.000 kg/hr carbon dioxide 

Operation 

Extractor 

2 shifts, 5 days/week, 40 weeks/yr. 

2 with 2.3 nr’ volume 

Capacity 

10.000 t/yr. (bulk density 1.300 kg/m 3 ) 

Time for Depreciation 

4 years 

Activated Carbon Capacity 

0.3 g/g 

Activated Carbon Replacement and Incineration 

7 $/kg 
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_ 2004 


Results of these calculations are shown in figure 10 depicting the costs for personnel, in¬ 
vestment, energy and accessory agents like make up carbon dioxide or activated carbon as a 
function of the separation pressure. The separation temperature is fixed by the isenthalpic ex¬ 
pansion from extraction conditions to 
separation pressure. Costs for activated 
carbon include replacement and waste 
disposal by incineration. This figure indi¬ 
cates that the costs will decrease for about 
20 - 30 % by the use of an activated car¬ 
bon adsorber for the carbon dioxide re¬ 
generation. The reasons are the smaller 
energy consumption and lower investment 
cost due to a smaller pump and heat ex¬ 
changers. The costs for the accessory 
agents raises because of the activated car- 

_. ,. T _ r , bon. But this cost increase is smaller than 

Figure 10. Influence of seperation pressure on the ., ., . , ., 

° „ the other costs decrease so the summary 

costs for the SFE will decrease. It is im¬ 
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portant to note that the presented treatment costs of about 200 $ per ton soil are only a clue to 
show the influence of the activated carbon regeneration. Costs down to 100 $ per ton soil are 
reachable for SFE plants with greater capacities and other boundary conditions. These costs 
compare favourably with other soil treatment techniques. 

However, one limit of the regeneration by activated carbon is the contamination level of the 
soil. For soils with very high contamination levels (some thousands of mg/kg) this process is 
not practicable because the waste volume reduction from the treated soil to the loaded acti¬ 
vated carbon would not be significant. For example 16.7 kg activated carbon with a capacity of 
0.3 g/g are necessary to deposit the pyrene of 1 ton soil with a contamination level of 5.000 
mg/kg on it. So the cost increase by activated carbon replacement and disposal would be 
greater than the cost reduction due to energy and investment. 
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A New Mixing Rule for Accurate Prediction of High Pressure 
Vapor-Liquid Equilibria of Gas/Large n-Alkane Systems 
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ABSTRACT 

By introducing a correction factor to the Ge from the UNIFAC in the MHV1 model, 
a new mixing rule was proposed, which could accurately predict high pressure VLE 
of gas/n-alkane systems The correction parameters have been generalized as a 
simple function of carbon number for CCVn-alkanes, CH 4 /n-alkanes and C 2 H 6 /n- 
alkanes, respectively. The results showed that the new mixing rule could give 
satisfactory VLE predictions for both binary and ternary systems, which is 
particularly useful for engineering purposes. 

Key words: Vapor-liquid equilibria, Gas/large n-alkanes, High pressure. 

Mixing rule, Equation of state, UNIFAC. 


1. INTRODUCTION 

Combination of excess Gibbs free energy(GE) model with equation of state(EOS) 
was first proposed by Vidal( 1978). The method has been receiving much attention 
since then, and a lot of attempts have been made to improve it to allow simple 
EOSs to describe complex systems(Huron and Vidal, 1979: Michelsen, 1990a,b). 
Though any GE models can be used, the predictive ones such as UNIFAC are of 
rather usefulness, as only these allow the EOSs to become strictly predictive tools 
As a result, the Michelsen mixing rules(Michelsen, 1990b; Dahl and Michelsen, 
1990) coupled with UNIFAC(both original UNIFAC and modified UNIFAC) have 
been widely tested and used to predict VLE of complex systems of similar sizes 
successfully(Dahl and Michelsen, 1990: Dahl et al., 1991: Holderbaum and 
Gmehling, 1991). Unfortunately, when they are applied to highly asymmetric 
systems, for example gas/large n-alkane systems, the predictive accuracy is poor, 
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which becomes worse with increasing carbon number. As a result, more accurate 
predictive models are necessary, which is the motive of this work, and an attempt 
has been made to improve the predictive accuracy of one of the existing models, 
MHV1 , for gas/large n-alkane systems in this work. 

2. THERMODYNAMIC MODEL 

2.1. The Equation of State 

Although any two-parameter cubic EOS can be used, the SRK EOS(Soave, 
1972) was adopted in this work. Since it is a famous EOS, it is no necessary to give 
detailed introduction here. 

2.2. The Excess Gibbs Free Energy Model 

The original UNIFAC model(Fredenslund et al., 1975) was used in this work, as 
it is a widely applicable model with the most available parameters which are 
updated and extended regularly. For gas/n-alkane systems, temperature dependent 
interaction parameters were used, and the UNIFAC expression: 


^ nm = exp(-^) 

was replaced by(Holderbaum and Gmehling,1991): 


, a nm + b„ ra T + C nm T ^ 
= eX P( - j -) 


( 1 ) 


( 2 ) 


The volume and area parameters for CO 2 , CH 4 and C 2 H 6 and the interaction 
parameters for gas/CH 2 pairs were obtained by Holderbaum and Gmehling(1991). 


2.3. Mixing Rules 


2.3.1. MHV1(Michelsen,1990b) 

By equating the G E from an EOS at zero pressure to that from a G E model, a 
mixing rule was proposed by Michelsen( 1990b) as follows: 


a = L z , a , + — + Lz,ln(-^-)] 


q, RT 


b; 


( 3 ) 


and 

b m = I lZl b, (4) 

where z\ is mole fraction of component i, a=am/(b m RT). qi is EOS-dependent, which 
is set to -0.64663 for SRK EOS(Holderbaum and Gmehling, 1991). 
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2.3.2. LCVM model(Boukouvalas et al., 1994) 

Recently, Boukouvalas et al.(1994) proposed a new mixing rule, which is a 
linear combination of Vidal(1978) and Michelsen( 1990b) mixing rules: 

a = Xa v + (1 - X)a M (5) 

where o^, and a M are given by expressions from Vidal and Michelsen mixing rules, 
respectively. Their relative contributions to a are determined by a weight factor X. 

2.3.3. New mixing rule{MR1) 

The GE/RT from the original UNIFAC, the SRK EOS with MHV1, and the 

experimental data from Shen et 
al.(1990) for the system n-C 6 H 14 /n- 
Ci 6 H 3 4 at 298.15 K and 0.1 bar are 
shown in Fig. 1 From the figure, 
two points can be drawn. (1) SRK 
EOS with MHV1 can not reproduce 
the Ge of the Ge model used in 
the mixing rule for asymmetric 
systems even at low pressure. (2) 
The original UNIFAC is not accurate 
for asymmetric systems with large n- 
alkanes. The first point reflects the 
defect of MHV1 for asymmetric 
systems, while the second point is 
caused by the bad predictability 
of UNIFAC for systems containing 
large n-alkanes. However, it was 
interested to find that when a 
correction factor was added to the GE from the original UNIFAC in MHV1, that is 
using G| 0S = 1.36Gu N | FAC instead of Ge OS = Gu NIFAC , the SRK EOS with MHV1 could 
reproduce the experimental GEdata very good(Fig. 1). The fact led us to propose a 
modified mixing rule as follows: 

a = 2 i z i a i + —(1 + f) + Z i z i ln(-^-)] (6) 

q, RT bi 

where b m is calculated with eq.(4). f is a parameter which can correct the defects of 
both the original UNIFAC and MHV1 for highly asymmetric systems. For symmetric 
systems, no correction is necessary, and f is set to be zero. In this case, MR1 
reduces to MHV1. 



n-hexane + n-hexadecane at 298 15 K and 0.1 bar. 
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3. Results and Discussion 

3.1. Binary Systems 

3.1.1. C02/n-alkane systems 

CO 2 is an important industrial gas, consequently, the study of phase behavior of 
C0 2 /n-alkane systems is necessary. Though they are nonpolar systems, the 
predictive accuracies of MHV2(Dahl and Michelsen, 1990) and PSRK(Holderbaum 
and Gmehling, 1991, using MHV1) are dramatically bad for large n-alkanes 
(Boukouvalas et al., 1994). So, it is necessary to do some modification to improve 
the predictive accuracy for them, which is the motive of this work. 

The average absolute deviation(AAD) of vapor pressure versus carbon number 

for C0 2 /n-alkanes for SRK EOS with MHV1 
is shown in Fig.2(The definition of AAD is 
shown in the footnotes of Table 1). It is 
evident that when the carbon number is 
larger than about 10, the errors rapidly 
become large. So, it is necessary to 
improve the accuracy for systems of carbon 
number larger than 10. 


Based on the analysis of the optimum 
parameters for MR1 for large n-alkanes from 
n-Ci 4 H 30 to n-C 4 4 H 9 o, a linear function of 


f = 0.215 + 0.00375n (n>10) (7) 

and 



0 10 JO *> 40 *> 

Cartoon numtoor n 

Fig. 2 AAD of vapor pressure versus carbon 
number for C0 2 /n-alkane systems 

carbon number is proposed: 


f = 0 


(n<10) 


( 8 ) 


where n is carbon number. 

The AADs of vapor pressure for MR1 with eq.(7) were shown in Fig.2, and the 
grand AAD was listed in Tablel , where the results for LCVM and MFiVI were also 
listed. Obviously, MR1 showed much better accuracy than MFIVI, which is also 
better than LCVM, especially for relatively large n-alkanes. 

It should be pointed out that for MFIVI and MR1, the UNIFAC group interaction 
parameter were obtained with VLE data for C0 2 /n-alkanes up to n-C 10 Fl 22 
(Holderbaum and Gmehling, 1991), while for LCVM, VLE data up to n-C 2 8 H 58 were 
used(Boukouvalas et al., 1994). 
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3.1.2. C 2 H 6 /n-alkane and CH 4 /n-alkane systems 

The AADs of vapor pressure for C 2 H 6 /n-alkanes and CH 4 /n-alkanes were shown 

in Figs. 3 and 4, respectively. 
Again the predictive accuracy of 
MHV1 for systems of carbon number 
smaller than 10 is good. When the 
carbon number is larger than 10, the 
accuracy becomes worse with 
increasing carbon number. So, we 
concentrated on improving accuracy 
for systems of carbon number larger 
than about 10. 


Using similar methods, two simply generalized expressions were obtained. 

For C 2 H 6 /n-alkanes: 

f = 0.315 + 0.00375n (n > 10) (9) 

For CH 4 /n-alkanes: 



Fig. 3 AAD of vapor pressure versus c arbon 
number for C 2 II 6 /n-alkane systems 


f = -0.317 + 0.441 log n (n> 10) 


( 10 ) 


The results for MR1 with eqs.(9) and (10) were shown in Figs. 3 and 4, 
respectively, and the grand AADs were listed in Table 1. Obviously, MR1 gave 
much better accuracy than MHV1, and also better than LCVM. 


Table 1 . Comparisons ol different mixing rules 


system" 


AAD' 


MHV1 

LCVM 

MR1 

C0 2 /n-alkanes a 

52.2 

5.4 

3.0 

C2Hs/n-alkanes b 

58.5 

5.3 

4.0 

CfVn-alkanes 0 

63.5 

6.6 

5.3 

C02/n-C-j5/n-Ci6 

11.1 

10.0 

2.0 

CH4/C2He/n-C22 

51.6 

0.5 

2.4 

* AAD=(1/N)V 

[pexp. pcal. 

|/ P cxp 

x too 


** For data sources see Zhong and Masuoka, 1996 
a n-C 14 n-C 16 , n-C^q.^, n-C 24l n-C 2 g, n-C 32 , 0 - 035 , 
b n-C )2 , n-C 20l n-C 22 , n-C 24l n-C 2 g, n-C 38l n-C 44 
c d-Ci 2 n-C 16 , n-C 20 , n-C 28 , n-C 36 



0 10 20 30 40 

Carbon number n 


Fig. 4 AAD of vapor pressure versus carbon 
number for CH 4 /n-alkane systems 
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3.2. Multicomponent Systems 

The following expression was proposed for mixture parameter f of multicomponent 
systems: 


f = Z i Z j (^)f, J (11) 

where fy is the parameter f for binary components i and j, and fy=fjj, f j F 0. Obviously, 
for a binary system, f=f 12 , eq.(11) results in the same f as used before. 

Two ternary systems have been used to test the three models. The results were 
listed in Table 1, which showed that MR1 also worked well for ternary systems. 

4. CONCLUSIONS 

A new mixing rule has been proposed and tested coupled with SRK EOS and 
UNIFAC in this work. The new mixing rule, which is obtained by introducing a 
correction parameter to the Ge from the original UNIFAC in MHV1, is accurate for 
both binary and ternary gas/large n-alkane systems. The correction parameters 
have been correlated as a simple function of carbon number for a certain kind of 
gas/n-alkane system, which is convenient for engineering purposes. 

Finally, we would like to point out that in this work SRK EOS is used to test the 
new mixing rule, but we believe it is applicable to other cubic EOSs, though the 
correction factor to GE from UNIFAC may be different. 
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High Pressure Multiphase Equilibria in the Ternary System Carbon Dioxide- 
Water-l-Propanol 

T. Adrian and G. Maurer 

Lehrstuhl fur Technische Thermodynamik, Universitat Kaiserslautern, D-67653 Kaiserslautern, 
Germany 

1. INTRODUCTION 

Ternary high-pressure equilibria in systems gas-water-polar solvent are encountered for 
example in supercritical extraction of products from aqueous solutions with carbon dioxide and 
a polar entrainer or in supercritical fluid chromatography. At elevated pressures the phase 
behaviour of such ternary systems can be very complex. It has been recognized since the 1950s 
[1], that homogeneous liquid mixtures of water and a polar solvent split into two, in some 
cases even into three liquid phases when pressurized with gases like e.g. carbon dioxide. The 
liquid phase can coexist with a gaseous phase. As that phase is not very dense it contains only 
small amounts of water and polar solvent. It has been proposed to make use of such high- 
pressure multiphase equilibria e.g. for the recovering of alcohols and organic acids from 
aqueous solutions, but there are also other applications like the extractions of fermentation 
products from diluted brothes. 

The present paper gives an overview of results on high-pressure phase equilibria in the 
ternary system carbon dioxide-water-1-propanol, which has been investigated at temperatures 
between 288 and 333 K and pressures up to 16 MPa. Furthermore, pressure-temperature data 
on critical lines, which bound the region where multiphase equilibria are oberserved were 
taken. This study continues the series of previous investigations on ternary systems with the 
polar solvents acetone [2], isopropanol [3] and propionic acid [4], A classification of the 
different types of phase behaviour and thermodynamic methods to model the complex phase 
behaviour with cubic equations of state are discussed. 

2. EXPERIMENTAL 

Phase equilibria and pressure-temperature coordinates of critical points in ternary systems 
were taken with a high-pressure apparatus based on a thermostated view cell equipped with 
two liquid flow loops which has been described in detail elsewhere [3]. The loops feed a 
sample valve which takes small amounts of probes for gas-chromatographic analysis. In 
addition to temperature, pressure and composition data, the densities of the coexisting liquid 
phases are measured with a vibrating tube densimeter. Critical points were determined by 
visual oberservation of the critical opalescence. 

3. PHASE BEHAVIOUR OF THE CARBON DIOXIDE-WATER-l-PROPANOL 

SYSTEM 

The qualitative phase behaviour of the carbon dioxide-water-1-propanol system is discussed 
for the temperatures 303 and 333 K in Figure 1, where isothermal Gibbs phase diagrams are 
arranged in prisms to show the influence of pressure on phase equilibrium. 
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Figure 1. Qualitative diagra m of t he phase-behaviour of car bon dioxide-water-1-propanol at 
303 ( left) and 333 K (right); E—-3 two-phase region, three-phase region, 
four-phase region 

The right prism in Figure 1 shows qualitatively the phase behaviour of the carbon dioxide- 
water-1-propanol system at 333 K. It is typical for many other systems containing carbon 
dioxide, water and a polar solvent. At low pressures, a vapor-liquid two-phase region LV 
stretches out from the carbon dioxide-water to the carbon dioxide-1-propanol binary system. 
When pressure is increased the liquid splits into two phases resulting in a liquid-liquid-vapor 
three-phase region LiL 2 V . It first appears at a lower critical point (Li=L 2 )V, where the two 
liquid phases are critical and coexist with the vapor phase. A dash-dotted line indicates the 
location of the critical points (L t =L 2 ). A second dash-dotted line is shown in that prism. It 
starts at the critical pressure of the vapor-liquid equilibrium in the binary carbon dioxide- 
1-propanol, and ends at an upper critical point Li(L 2 =V), where the propanol-rich liquid phase 
L 2 and the vapor phase V are critical and coexist with the water-rich liquid phase L;. At higher 
pressures, only two-phase equilibria L 3 L 2 are observed. 

At lower temperatures, e.g. at 303 K, the phase behaviour is more complicated (Figure 1, 
left side). At low pressures the phase behaviour is very similar to that at 333 K. However at 
elevated pressure a second three-phase region L 2 L 3 V appears. With increasing pressure both 
three-phase regions approach, touch - forming a four-phase equilibrium L 3 L 2 L 3 V - and split 
again into two three-phase equilibria designated by LiL 3 V and L t L 2 L 3 . According to the Gibbs 
phase rule an isothermal four-phase equilibrium can only exist at a single pressure. With further 
increasing pressure the L t L 3 V three-phase region does not disappear in a ternary critical point 
but degenerates to the binary three-phase equilibrium of carbon dioxide-water. The L]L 2 L 3 - 
region disappears at a much higher pressure at an upper critical point L t (L 2 -L 3 ) similar to the 
behaviour of the three-phase equilibrium designated L t L 2 V at 333 K. At higher pressures only a 
two-phase equilibrium region designated by L 3 L 2 remains. 
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Figure 2 shows a quantitative pressure-temperature diagram for the ternary system carbon 
dioxide-water-1-propanol. The location of four phase equilibria is represented by a line. Three- 
phase equilibria are found in areas, and three-phase equilibria, where two phases are critical are 
again represented as lines. Furthermore, the diagram shows the vapor-pressure curve of carbon 
dioxide and the binary three-phase line of the subsystem carbon dioxide-water. Increasing the 
pressures at 333 K, three-phase equilibria LiL 2 V are observed after passing the critical line 
(Li=L 2 )V. With further increasing pressure a second critical line Li(L 2 =V) is reached, where 
the difference between the less dense liquid phase L 2 and the vapor phase V vanish in the three- 
phase equilibrium LiL 2 V. 



Figure 2. Quantitave pressure-temperature diagram for carbon dioxide-water-1-propanol; 
O, □ exp. ternary critical points, this work; O four-phase equilibria, this work; x four-phase 
equilibria. Fleck et al. [5] 

At 303 K, with increasing pressure first the (L 2 =L 2 )V -line and later the (L 2 =L 3 )V line are 
crossed. In the small pressure range between both lines only three-phase equilibria LiL 2 V exist. 
In crossing the line (L 2 =L 3 )V, a second three-phase region L 2 L 3 V appears. At a somewhat 
higher pressure, the four-phase line is located, marking the condition where both three-phase 
equilibria touch. Above the four-phase line two three-phase regions, L 3 L 3 V and LiL 2 L 3 , are 
found. The L/LjV region disappears at the three-phase pressure of the binary system carbon 
dioxide-water, the LyZ^Lj-region vanishs at the ternary critical line Li(L 2 =L 3 ) at much higher 
pressures. 
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The four-phase line shows an upper critical endpoint (UCEP) at 313.10 K and 8.232 MPa. 
At higher temperatures an interesting phenomenum can be oberseved. With increasing 
temperature the two critical lines (L 2 =L 3 )V and L 2 (L 3 =V), which bound the three-phase region 
L 2 L 3 V, appproach and finally meet at a common endpoint, a tricritical point where phases L 2 , 
L 3 , and V become critical simultaneously. The procedure to determine the tricritical point has 
been described previously [4], The tricritical point TCP was determined to 320.75 K and 
9.26 MPa. 

4. CLASSIFICATION OF PHASE BEHAVIOUR 

Pressure-temperature diagrams offer a useful way to depict the phase behaviour of 
multicomponent systems in a very condensed form. Here, they will be used to classify the 
phase behaviour of systems carbon dioxide-water-polar solvent, when the solvent is completely 
miscible with water. Unfortunately, pressure-temperature data on ternary critical points of 
these systems are scarcely published. Efremova and Shvarts [6,7] reported on results for such 
systems with methanol and ethanol as polar solvent, Wendland et al. [2,3] investigated such 
systems with acetone and isopropanol and Adrian et al. [4] measured critical points and phase 
equilibria of carbon dioxide-water-propionic acid. In addition, this work reports on the system 
with 1-propanol. The results can be classified into two groups. In systems behaving as 
described by pattern I, no four-phase equilibria are observed, whereas systems showing four- 
phase equilibria are designated by pattern II (cf. Figure 3). 


Pattern I 


Pattern II 




temperature 


Figure 3. Classification of phase-behaviour for systems carbon dioxide-water-alcohol 

The phase behaviour of systems with low molecular alcohols methanol and ethanol as well 
as of systems with acetone and propionic acid is relatively simple (pattern I). At lower 
pressures the single three-phase region is bound by a critical line (Li=L 2 )V, at higher pressure 
the three-phase region is limited by either an upper critical line L,(L 2 -V) or the binary three- 
phase line of the system carbon dioxide-water depending on temperature. 

The phase behaviour of systems with 1-propanol and isopropanol is designated by pattern 
II. It is more complicated. The most striking additional feature is the formation of a second 
three phase equilibrium region which leads to four-phase equilibria. 
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5. MODELING THE PHASE BEHAVIOUR OF THE CARBON DIOXIDE-WATER- 
1-PROPANOL SYSTEM WITH CUBIC EQUATIONS OF STATE 

Due to restriction for space the results on modeling the high-pressure phase behaviour of 
the system carbon dioxide-water-1 -propanol are presented only briefly. The model used in this 
work was the Peng-Robinson EOS [8] with an temperature dependent attractive term due to 
Melhelm et al. [9]. Although several mixing rules have been tested, the discussion will be 
restricted to the two-parameter mixing rule of Panagiotopoulos and Reid [10], 


50 mol-% 1 -POH 50 mol-% 1 -POH 



Figure 4. Three-phase equilibrium L,L 2 V in the system carbon dioxide-water-1-propanol at 
333 K and 13.1 MPa; ▲ exp., this work; — Calculated with Peng-Robinson EOS using 
Panagiotopoulos and Reid mixing rule, left side: prediction from pure component and binary 
data alone, right side: interaction parameters fitted to ternary three-phase equilibria at 
temperatures between 303 and 333 K 


Figure 4 shows a comparison between experimentally determined and calculated phase 
equilibria. When all parameters are determined from pure component and binary data alone, 
only a qualitative description of the ternary phase behaviour is possible in that system. 
Although the equation of state predicts all critical lines found in the experiment, the quantitive 
representation is poor regardless of the mixing rule. For example, the pressure predicted for 
the upper critcal line L,(L 2 =L 3 ) is to large by a factor of about 7 (about 100 MPa in 
comparison to experimental pressures of around 15 MPa, depending on temperature). In 
addition the predicted area of liquid-liquid phase-equilibria is also too large. The presentation 
of the ternary phase behaviour can be considerably improved by fitting binary interaction 
parameters to data of ternary three-phase equilibria. Figure 5 shows the resulting pressure 
temperature diagram calculated by the equation of state using interaction parameters fitted to 
ternary data. Although interaction prameters were fitted to three-phase equilibria, the 
correlation is not able to represent the experimental data within the experimental uncertainty. 
Thus more work is required for the presentation of high pressure multiphase equilibria in 
aqueous systems. 
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Figure 5. Pressure-temperature diagram for carbon dioxide-water-1-propanol; — critical lines 
calculated with Peng-Robinson EOS using the mixing rule of Panagiotopoulos-Reid, 
parameters fitted to ternary three-phase equilibria at temperatures between 303 and 333 K 
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Extraction of Spray-Particles with Supercritical Fluids 
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1. SPRAY PROCESSES - APPLICATIONS - OBJECTIVES 

In recent years several processes applying supercritical fluids in a spraying device have 
been proposed and investigated. The general aim of using this technique is to improve mass 
transfer by generating fine drops with a high surface area. One example is the so-called 
RESS-process where a designated component is dissolved in a supercritical fluid which is 
expanded adiabatically within a capillary nozzle [1]. This results in a supersaturation 
causing the component to precipitate as the finest possible particles. Besides the expansion 
of a single compressed fluid phase within a nozzle, processes in which the supercritical 
medium is sprayed together with a liquid have gained importance. In this case, the aim is to 
reach a material transport between these two phases. If the gas phase is absorbed by the 
dispersed liquid phase a component is obtained which was dissolved in a dense gas phase 
previously presuming favourable distribution coefficients. Conversely, a material dissolved 
in the liquid phase can be isolated if the dispersed liquid is dissolved in the gas phase. In 
both cases mass transfer occurs between the dispersed drops and the surrounding gas phase. 
In order to describe the mass transfer, the drop size distribution as well as the 
fluiddynamics of the dispersed liquid must be known. According to table 1, it can be 
distinguished whether the supercritical or the liquid phase is loaded with the component 
designated for separation before the atomization. Usually the component is dissolved before 
the spraying; however, it can also be available in a dispersed form. 


Table 1 Various SCF Spray Processes 


SCF Spray Flow 
Principle 

Dispersed 
Phase, d 

Continuous 
Phase, c 

Direction of 
Mass Transfer 

Process 

Product 

Example 

SCF + E liquid (1) 

liquid droplets 

gas 


Absorption of 
extract E 

Spray Tower 

SCF 

Absorption of 
caffeine from CO 2 
(CO2 - Regeneration) 

Generation of 
micro - particles of 

E in liquid phase and 
protecting colloids 
(LAS Process) 

nr 

gas bubbles 

liquid 

1 

Supersaturation 
of E by 
pressure 
reduction or 
temperature 
alteration 

E 

SCF l + E 

nr 

liquid droplets 

gas 

d —> c 

Extraction of l 

E 

E 

E 

volatiles 
of l+E 

Deoiling of lecithin {2,3] 

Generation of micro particles 
(GAS Process [4]) 

coating of E 

Enrichment 
or Refinement 










248 


2. RELEVANT PARAMETERS AND METHODS OF CALCULATION 


The drops which are to be extracted can be formed by disintegration of the liquid jet 
from a pressure nozzle if it enters the gaseous atmosphere at high speed. For those 
processes described in table 1, drop formation is achieved by high kinetic energy of the 
fluid gas flow tearing the liquid jet into fine droplets within a fluid assist spraying device. 
Formation of fine droplets is enhanced by an increasing dynamic pressure of the fluid gas 
flow and a decreasing internal pressure of the drop being formed. In order to characterise 
the drop formation, the Weber number is derived from the ratio of the dynamic pressure of 
the fluid and the internal pressure of the liquid drops. 


We = ^L = 


Pa 


wod 

8 ' g P 


( 1 ) 


In addition, the Ohnesorge number describes the influence of the viscosity of the liquid. 


Oh = -2L= 

4p> d ? a 


( 2 ) 


A high velocity of the flow, w g , an elevated density of the fluid as well as a low viscosity 
of the liquid phase and a low interfacial tension between liquid and fluid represent 
favourable conditions for high pressure spraying. Pressurised gases evidently possess 
characteristics similar to those of liquids with respect to the atomisation so that the 
relationships which are valid for liquid/liquid spraying may lead to realistic results. In the 
case presented here, a modified Nukiyama-Tanasawa distribution [5] has been used to 
specify the maximum drop diameter in the spraying process: 

d p ,= 22,3Z>(fFeRe)" 0 ' 29 (3) 


with D representing the capillary diameter for the liquid and with the Reynolds number 

w g Dpi 


Re 


V, 


(4) 


Thus the volume fraction in drop size distribution is yielded by integrating of the following 
empirical function: 

~~h = 10 6 (We Re)" 0 ' 24 -^ T exp(-22,3[ff e Re] 0 ' 04 p-) (5) 

d\d p) d pm M d p 

3. THE SPRAY DEVICE AND PRESENTATION OF A THEORETICAL MODEL 

An apparatus according to Figure 1 is used. The liquid feed is compressed by a 
reciprocating pump and fed into a mixing zone. Here it is mixed with and dispersed by high 
turbulent C0 2 . So, a part of the kinetic energy of the C0 2 is used for increasing surface 
area by obtaining very small drops. The resulting two-phase flow runs through an extraction 
zone in which a uniform extraction at very short diffusion paths occurs and the fluid phase 
is loaded with those components subjected to separation. The raffinate is collected in a 
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vessel while the loaded C0 2 is expanded through a pneumatically controlled throttle valve 
into the separation stage. Changing pressure and temperature causes a reduction of the 
solubility in the C02 and so the extract falls out. 


A mathematical model of the drop 
formation and the extractive mass transfer 
is necessary for the optimisation of the 
mixing and the extraction zone, which are 
considered separately for different liquids 
depending on extraction conditions. Only 
these two sections are relevant for the 
extraction of liquid drops. The modelling 
results are verified by the measurement of 
the fluid loading. Therefore, gas sampling 
devices are set into the extraction tube in 
two different distances from the spray formation. Together with the inlet conditions and the 
final concentration of the raffinate, a profile of the fluid loading can be stated over the 
entire length of the extraction zone. The drop size distribution formed in the spraying 
device can be described by dimensionless characteristic numbers (equation 5). The viscosity 
of the mixture and the surface tension had to be obtained experimentally. The mass transfer 
is described by two different particle models. Liquid drops are extracted as shrinking 
particles by convective mass transfer [6]. 

Sh = 2 + 0,6Sc w Ke p ] ' 2 (6) 

The solution of liquid extract out of solid particles is described according to a shrinking 
particle model by convective mass transfer and diffusion in the particle structure. 

The binary diffusion coefficient of liquid extract in supercritical C0 2 is calculated with 
correlations based on the rough-hard-sphere-theory [7], Within the particle structure 
diffusion is determined by various effects. First, the diffusion can occur only in the void 
fraction of the particle. Secondly, the diffusion path is given by the contorsion of the pores. 

4. DETERMINATION OF MATERIAL DATA 

In those liquid-fluid systems under consideration, interfacial tension is reduced at 
elevated pressures which favors creation of new interfacial area by droplet breakage. In 
addition, the rapid dissolution of the supercritical fluid in the liquid drops leads to a 
reduction in viscosity and thus to a generally positive mass transfer behaviour in the high- 
pressure spray extraction. 

The pendant drop method was applied in order to determine interfacial tension and was 
carried out by photographing the drop in a high pressure optical cell evaluating the contour 
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with a microscope [8], Measurements were carried out up to pressures of about 90 MPa and 
temperatures of 423 K. 

The present apparatus allows sizing of the pendant drop by a computerised image 
analysing system equipped with a video camera which generates high resolution pictures 
with squared pixels. A frame grabber digitalises the pixel image synchronously, so that 
there are no distortions in the drop image. 

Beyond this, the combination of a high pressure optical cell with a magnetic coupling 
balance provides a possibility to measure the weight of the liquid drop and the related 
density difference between the drop phase and the surrounding fluid phase with time. Thus, 
a relation between the mass transfer across the fluid interface and the interfacial tension can 
be detected. 

In Figure 2, the interfacial 
tension of coffee oil with a high 
content of volatile flavours against 
CO 2 is depicted. Mixtures like this 
are of particular interest for high 
pressure spray extraction. At 
increasing density of the fluid CO 2 - 
phase, interfacial tension is 
decreased by dissolution of CO 2 at 
the interface. In this case, presence 
of surface active material in the 
Figure 2. Interface Tension of coffee oil - CO z i iqu i d phase, e.g. proteins, rather 

seem to be of subordinate 
importance. With respect to foam formation these surfactants neither show their known 
stabilising effect as long as no polar phase such as water is added. 

Viscosities of liquids mixed with C0 2 have been measured in a high-pressure rotational 
viscometer, which works according to a Searle-system. The pressure influence on the 
viscosity of the pure liquid can be described with known correlations [9]. 

A light increase of viscosity at higher pressures is disadvantageous for the break-up of 
drops, but inside the spraying device a mixture of liquid and C0 2 is formed. The 
diminished viscosity of this mixture dominates and as a consequence the diffusive mass 
transfer inside the droplet will be enhanced. 

5. APPLIED MATERIALS AND RESULTS 

Until now, oil-phospholipid mixtures, raw seed oils, aromatic vegetable oils, essential 
oils aqueous solutions and aqueous dispersions have been sprayed and extracted with 
supercritical C0 2 in the high pressure spraying apparatus (Figurel). For instance aqueous 
roasted coffee extract was sprayed with CO 2 in order to rise concentration for posterior 
production of instant powder. Due to low process pressures (under 20 MPa) and increased 
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process temperatures (120°), a part of the water and of the unwanted off-flavours are 
dissolved in C0 2 , so that an increase in concentration from 30 w.-% of the dry matter to 40 
w.-% is reached. An energetically favourable spray drying and an improved taste were 
achieved. If the process pressure is increased to e.g. 40 MPa, caffeine is additionally 
removed from the aqueous coffee solution. This process is limited by the phase distribution 
equilibrium of the caffeine between the liquid and the fluid phase. For the extraction of 
sprayed coffee oil drops (see Figure 2), approximately 20% of the feed flow can be 
obtained as a flavour-enriched extract fraction. 

The limitation of the high pressure spray extraction is given by the rapid movement of 
the droplets, i.e. the residence time for mass transfer to occur between the drop surface and 
the fluid. In Figure 3, the extraction of soy oil from raw lecithin is shown for two different 
process pressures - 48 MPa and 70 MPa. The rest oil content in the raffinate (powdery pure 
lecithin) is given as a function mass flow ratio /j= M COj / M Feed . At first mass transfer is 
significantly enhanced at increasing C0 2 mass flow. The values for the Weber number 
(equation 1) and the Reynolds number (equation 4) increase. This results in smaller drops 
(equations 3 and 5) and in a generally larger mass transfer (equation 6). However, this 
effect ends at p = 80 kg C0 2 /kg feed. With a further increase of the mass- flow ratio, an 
increase in the extraction of spray particles can no longer be reached. The residence time of 
the drops in the spray zone is too short for a further increase of the mass transfer, which is 
determined mainly by diffusion within the drops. 




P [kgrtigl 

Figure 3. SCF Spray extraction depending 
on solvent/feed ratio 


a, u*n] 

Figure 4. Drop size distribution for spraying 
of liquids with SC-CO 9 


Figure 4 shows the results of determined droplet diameters according to equations (3) 
and (5) for the high pressure atomisation of raw lecithin (app. 2/3 insoluble phospholipids 
and 1/3 soluble lecithin oil) and for crude soy oil (app. 1 w.-% insoluble phospholipids) by 
the two extraction pressures of 48 MPa and 70 MPa. 


The two graphs for each medium represent the bounds of drop sizes in the range of 
applied extraction conditions. A maximum drop diameter in the distribution is considered 
(equation 5). 
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6. SUMMARY AND FUTURE WORK 

Processes for the extraction of spray particles involving pressure nozzles and fluid assist 
spraying devices as well as different directions of mass transfer have been introduced. In a 
special high pressure apparatus, liquid solvents and dispersions with C0 2 can be extracted 
under high pressure. Relevant properties for the formation of drops are the viscosity of the 
liquid phase as well as the interfacial tension between the drop phase and the fluid phase. 
Results for oily and aqueous systems show a drop size distribution that is very suitable for 
the mass transfer. 

In order for further development of high pressure extraction processes, the existing plant 
will be equipped with varied geometrically shaped extraction zones. The aim is to reach 
longer residence times. Just as well, the present co-current spraying will be tested in a 
countercurrent flow with a pressure nozzle only for the liquid phase. 

Furthermore, investigations on mass transfer across the interface will be continued in 
order to determine the mass transfer coefficient for drops exposed to the hydrodynamic flow 
and to be able to state the influence of surfactants on the interfacial tension under high 
pressure. For those systems implying solid particles their geometrical structure will need to 
be characterized with the aim of describing diffusion mechanisms. 


NOTATION 



d p 

particle (droplet) diameter 

w g 

Gas velocity 

D 

nozzle diameter 

nr 

dynamic viscosity of liquid 

M 

Mass Flow 

Pg'Pr 

Gas and liquid Density 

Pp 

dynamic pressure 

a : 

Surface tension 

Pa 

inner pressure 

P : 

Solvent/Feed Ratio 

Qs 

Volume fraction in drop 

size 



distribution 
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Application of Supercritical Fluid Extraction for Spices and Herbs with Pressures 
up to 800 bar 

E. Lack, H. Seidlitz 

NATEX ProzeBtechnologie GesmbH, HauptstraBe 2, A-2630 Temitz, Austria 


1. INTRODUCTION 

When Gore 1861 [1] found, that various substances are soluble in liquid C02, the idea of 
using liquified gases as solvent was borne. The first industrial development was in the mid - 
1930s, when compressed propane for de-asphalting of petroleum at near critical conditions 
was developed. In the 1960s Zosel developed extraction processes specifically based on the 
solvent power of supercritical gases. The industrial application in the food industry was in the 
early 1980s for decaflfeination of coffee and extraction of hops by means of supercritical C02 
at pressures up to 300 bar. In these days several investigations at pressures up to 1000 bar 
especially for the extraction of oils and waxes were executed and corresponding patents 
granted. The years between the 70s till about mid 80s was the most innovative period 
regarding high pressure extraction and beside others proper attention was paid on process 
development for the extraction of aromas, essential oil, spices and herbs applying pressures 
ranging from 80 up to 400 bar [2], Although several publications [2] demonstrated higher 
solubilities at higher pressures - i.e. piperin, no commercial application was executed in these 
days. 

In the mid of the 80s a lot of investigations were done to find out the solubility isotherms of 
higher molecular polar constituents of spices. For example at 600 bar and 80°C the solubility 
of piperin in C02 is about 6 g per kg compared to 0,8 g per kg at 300 bar and 40°C [2], The 
extraction of food colours like anatto bixin, P-carotene, curcumin, paprika etc. using 
Supercritical Carbon Dioxide was investigated up to 1380 bar and 93°C [3], 

It was obvious that some spice constituents can be extracted economically at higher 
pressures and several companies [4] offered plants up to 700 bar or even 1000 bar for smaller 
scales. 


2. EXPERIMENTAL APPARATUS AND PROCEDURES 

The experimental investigations were done in one of the laboratory plants of NATEX 
ProzeBtechnologie GesmbH. The plant consists of one extractor, one separator, one C02 
working vessel, a membrane pump and several heat exchangers. The extractor has been 
designed for an extraction pressure of 1000 bar and 150°C. The net volume of the basket is 5 
litres. The separation vessel is designed for 160 bar and 120°C. The plant was later equipped 
with a second separator to enable a two stage separation process. The C02 working vessel has 
a volume of 22 litres and is designed for 100 bar and 100°C. 
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The C02 cycle of the plant is as follows: Liquid C02 from the working tank passes a coil 
cooler to precool the C02 before entering the membrane pump. By means of the pump C02 is 
compressed to extraction conditions and passes a heat exchanger to reach extraction 
temperature before entering the extractor. During flowing through the raw material, which is 
kept in a basket, from the bottom to the top, C02 extracts the soluble substances. The loaded 
C02 is depressurized in the first separation step (about 90- 130 bar) through a pneumatically 
driven regulation valve. After this it is depressurized again down to the second separation 
pressure. After the separation vessel the gaseous C02 is liquified in a condenser and sent back 
to the working tank for recirculation. 


3. EXPERIMENTAL INVESTIGATIONS AND RESULTS 
3.1. Defatting of food ingredients 

The target of these investigations was to produce food ingredients with low content of oil, 
animal fat or cholesterol. These food ingredients are desired for low fat/low calorie and low 
cholesterol food. 

Extraction of egg volk powder: 

Egg yolk powder contains normally 56% total lipids (consisting of triglycerides, lecithine 
and cholesterol), 30% protein, ash and some other substances. From these substances only 
triglycerides and cholesterol are soluble in C02 and can be separated from protein and lecithin. 
For all tests with egg yolk powder the same raw material was used. The maximum extractable 
yield was 40% with a twenty hour test at 500 bar. 

The feed quantity was 1500 g, C02 throughput 28 kg/h and the extraction temperature 
40°C. Egg yolk powder is very temperature sensitive and extraction temperatures should not 
exceed 50°C. 

After 100 kg C02 throughput or 3 hours the following extraction yields were obtained: 
Table 1 

Extraction of egg yolk powder _ 

Extraction pressure [bar] 290 450 460 700 850 max. 

Extraction yield [wt%] 28 32 35 38 39 40 

The initial cholesterol content of the powder was 3%wt. After extraction at 290 bar the 
cholesterol content was reduced to l,3%wt. For extraction pressures between 450 and 850 the 
cholesterol content was reduced to 0,56%wt. respectively 0,33%wt. Above 500 bar the mass 
transfer is better but not as high as expected, the same is valid for the reduction of cholesterol 
which is similar between 600 and 850 bar. 

Defatting of almonds: 

It was tried to defat whole almonds to use it as low-fat ingredient for low calorie snack 
food. Between 300 and 700 bar only 20% of the C02 solubles (52%) could be extracted in 3 
hours. The mass transfer is mainly controlled by diffusion, therefore higher extraction pressures 
have no advantages. Ground almonds with a particle size below 1 mm can be extracted at 850 
bar within half of the extraction time or half of the C02 throughput compared to 500 bar. 
During the extraction the cell structure of the almonds gets lost and a defatted tasteless powder 
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remains in the extractor. A compromise was to crush the almonds to a particle size of 2-3 mm 
and to remove only 30%wt. of the oil, but further work has to be done. 

Defatting of cocoa powder: 

For the processing of cocoa powder the finely ground roasted cocoa nuts are defatted in 
hydraulic presses. After pressing ll-12%wt. cocoa butter still is in the powder. For some 
purposes it is necessary to reduce the butter content below l%wt. The defatting of cocoa 
powder is one of the few defatting processes by means of C02 which is already done on 
industrial scale. 


DEFATTING of COCOA PRESS CAKE 



TIME [ min ] 

Figure 1. Extraction of cocoa butter from cocoa press cake 

The best conditions were found at 480 bar and 100°C. A residual butter content below one 
per cent can be reached in 1,5 hours. The extraction temperature is limited at about 100°C. At 
higher temperature the content of free fatty acids increases, because it seems that a part of the 
triglycerides is splitted to fatty acids. The aroma losses are low and the defatted cocoa powder 
is of high quality. 

In general higher pressures for defatting processes give an advantage only in the case when 
extraction temperatures are in a range between 80°C to 100°C, the aroma remains, due to 
unsolubility, in the defatted product and the extraction is not controlled by diffusion. 

3.2. Extraction of antioxidants 

Some of the spices and spice extracts have a strong antioxidative effect. In 1952 in the 
research work of Chipault [5] it was found, that rosemary and sage have the best antioxidant 
activity, followed by oregano, thyme, clove, allspice and black pepper. A lot of companies 
produce rosemary and sage extracts with conventional solvent extraction. Solvent extracts 
have the disadvantage to content the green colour like chlorophyll and the strong flavour of 
rosemary which can only be removed by expensive further purification steps. With the C02 
extraction the carnosolic acid, the most effective substance in this respect, can be enriched to 
high concentrations without chlorophyll, which is not soluble in C02. Below 300 bar 
carnosolic acid is nearly unsoluble in C02 and mainly essential oil, fatty and waxy substances 
are extracted in a quantity of about 3,5%. Above 500 bar there is a strong solubility increase of 
carnosolic acid in C02 till 700 bar The best results were found at 700 bar and 80°C. The 
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extract (about 8%wt. extraction yield) was separated in two fractions in a carnosolic acid 
fraction of 5% and an aroma fraction of 3%. The content of carnosolic acid in the first fraction 
reaches 30%wt. and the ratio between carnosolic acid and camosol remains 6:1. This means 
that carnosolic acid is not oxidized to camosol which is usual obtained with solvent extraction. 

With the antioxidant fraction stability tests on lard were investigated. 


ANTIOXIDANT ACTIVITY OF ROSEMARY EXTRACT 



Figure 2. Shows the antioxidant activity of different rosemary extracts in comparison with 
Butylated Hydroxy Anisole (BHA). Although only 150 ppm of rosemary extract was used to 
stabilize lard, the antioxidant activity was higher compared to BHA. 

3.3. Extraction of natural dyes, chilli, paprika and turmeric 
Paprika: 

With the two step separation it is possible to enrich the colour fraction in the first and the 
aroma fraction in the second step. 

The colour value of the extract is mainly dependent on raw material. Between 400 and 700 
bar we got the same colour value for the same raw material, but the extraction time or the C02 
throughput can be reduced up to 50% with increased extraction pressure. 

Table 2 


Extraction of paprika 


Species 

Colour values 
Raw material 

colour values 
Oleoresins 

Remark 

Sweet paprika 

Hungary (whole pods) 

50 ASTA 

350 - 500 ASTA 

with seeds and stems 

Paprika sweet 

Hungary „Kolocsai“ 

140 ASTA 

1500- 1650 ASTA 

without seeds 

Chilli sweet 

India 

150 ASTA 

1800-2000 ASTA 

without seeds 

Paprika sweet 

Spain 

200 ASTA 

2200 - 2500 ASTA 

without seeds 

Paprika sweet 

South Africa 

240 ASTA 

>2500 ASTA 

without seeds 


Table 2. shows extract colour values obtained from different raw materials 
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All raw materials were extracted between 500 bar and 700 bar, with an extraction 
temperature of 60°C for all paprika tests. After an extraction time of two hours a colour value 
of 20 - 25 ASTA remains in the residual, whereat this value was nearly independent from 
extraction pressures. 

Turmeric: 

The colour pigment of turmeric is curcumin. Curcumin is relatively polar and almost 
unsoluble in C02 at extraction pressures below 400 bar. At pressures higher than 500 bar a 
yellow mixture of oil and cristalline curcumin can be obtained. The extraction yield varies 
between 5 and 12% depending on raw material. 

3.4. Extraction of spices with long chain fatty acids 

Coriander: 

For the tests Austrian coriander containing about 10% fat and 1% essential oil was used. 

The triglycerides of the fat consist mainly of long chain saturated fatty acids The C02 
extract is a yellow oleoresin which is semisolid at room temperatures. 

EXTRACTION OF CORIANDER SEEDS 



Extraction temp : 40°C 
C02 massflow 30 kg/h 

Figure 3. Extraction of coriander seeds 

It can be seen on figure 3, that extraction pressures between 600 and 850 bar give the best 
results. After an extraction time of one hour, which is a minimum for production plants, an 
extraction yield of 90% at 700 bar and 80% at 600 bar was obtained. To reach 90% at 500 bar 
3 hours are necessary, which is too long for an economical production of a cheap product like 
coriander extract. The extraction behaviours of nutmeg and mace are similar but the viscosity 
of extract is higher for nutmeg and lower for mace compared to coriander extract. 
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3.5. Extraction of food ingredients with a high content of essential oils, like cloves, 
camomille, marigold, cinnamon 

For all extracts for which the content of essential oils is important, extraction pressures 
above 300 bar are not suitable. If raw materials like cloves, cinnamon, camomille flowers are 
extracted at 500 bar the extraction yields are higher compared to 300 bar, but there are so 
many additional undesired substances in the extracts like dyes, waxes etc. that these extracts 
are not acceptable by the market. 


4. SUMMARY 

From the said above it is obvious, that extraction processes at pressures above 500 bar can 
have remarkable advantages for selected raw materials. Out of our tested materials a feasibility 
study pays preference to coriander, rosemary and sage as well as for natural dyes like paprika, 
chilli and turmeric [6], 

For the defatting processes higher pressures can give some advantages, but the extraction 
by means of propan seems to be ahead of the C02 process, as much lower necessary pressures 
require less investment costs. 

The application of higher pressures for herbs and spices like camomille flowers, cinnamon 
bork, clove and others gives no advantage at all, because the yield regarding essential oils is 
equal and additional extracted substances are not desired. 
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High-Pressure Investigations on the Solubility of Synthetic and Natural Dye¬ 
stuffs in Supercritical Gases by VIS-Spectroscopy up to 180 MPa 
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Lehrstuhl fur Physikalische Chemie II, Ruhr-Universitat Bochum, D-44780 Bochum, Germany 


1. SUMMARY 

In this paper solubility measurements of synthetic and natural dyestuffs are presented using 
VIS-spectroscopy. The investigations concentrate on two different methods. I. (3-carotcne was 
measured as a function of temperature and pressure in near- and supercritical C0 2 (289 to 
309 K, 10 to 160 MPa) and CC1F 3 (297 to 326 K, 12 to 180 MPa), respectively, using a static 
method. II. Additionally, the solubilities of l,4-bis-(n-alkylamino)-9,10-anthraquinones (with 
n-alkyl = butyl, octyl) were determined with a dynamic method in temperature and pressure 
ranges from 310 to 340 K and 8 to 20 MPa, respectively; this method permits a continuous 
purification from better soluble impurities as well as the measurement of solubilities at the 
same time. For both anthraquinone dyestuffs intersection points of the solubility isotherms 
were found in the plot of concentration versus pressure. This behavior can be explained by a 
density effect. 


2. INTRODUCTION 

Recently supercritical carbon dioxide has been used as a solvent in dyeing textiles and 
fibers. In comparison with conventional techniques, this method has the advantage of complete 
separation of the remaining dyestuff from the solvent. Furthermore, there is no need in purifi¬ 
cation of waste water or in drying textiles [1-5]. 

Solubility data of the dyestuffs are of interest for the optimization of this particular dyeing 
technique. Therefore an apparatus was developed for the determination of the solubilities in 
supercritical solvents at temperatures from 250 to 500 K and pressures up to 250 MPa accord¬ 
ing to the static analytical method [6, 7]. In particular, investigations on the solubility of some 
selected anthraquinone dyes in supercritical CO, and N 2 0 and more recently of [3-carotene in 
supercritical C0 2 and CC1F 3 were performed as a function of temperature and pressure (see 
section 4.). For the l,4-bis-(n-alkylamino)-9,10-anthraquinones the alkyl chains were systema¬ 
tically varied in the homologous series in order to study the effects of molecular size and 
polarity on the solubility phenomena [6-10], 

Recently additional measurements on some of these anthraquinone dyes were carried out 
with a dynamic method using a supercritical fluid chromatography (SFC) technique. This 
method permits the measurement of solubilities as well as the continuous purification from 
better soluble impurities which might cause serious errors in the solubility data (see section 3.). 



260 


3. SOLUBILITY MEASUREMENTS OF ANTHRAQUINONE DYESTUFFS WITH 

A DYNAMIC METHOD (SFC) 

3.1. Experimental 

The apparatus has already been described elsewhere [11, 12]. It mainly consists of a com¬ 
mercial HPLC equipment which has been modified for solubility measurements. 

Carbon dioxide is condensed into a syringe pump under its own vapor pressure. To heat the 
mobile phase up to a supercritical temperature the gas is pumped through a heat exchanger 
which is integrated inside an air thermostat. Two 6-port valves are placed in the same thermo¬ 
stat. One of the valves is used for on-line extraction of the dyestuff from the surface of a kie- 
selguhr in an extraction column. The temperature of the column is controlled by means of a 
platinum resistance thermometer. For the detection of the substances a diode array spectro¬ 
photometer is used. The flow-through cell of the diode array is also placed inside the air 
thermostat and coupled to the detector with fiber optics. After passing the detector cell the 
supercritical fluid is pumped through a column filled with charcoal. At the outlet of the chro¬ 
matographic system the mobile phase is expanded through a two-stage reducing valve. The 
flow-rate which is adjusted by means of the second stage of the reducing valve and a needle 
valve is measured with a soap bubble flow meter. All experimental data are sampled and 
handled by personal computers. 

C0 2 (99.995 %) was purchased from Messer Griesheim GmbH. 1,4-Bis-(n-alkylamino)- 
9,10-anthraquinones were synthesized in our laboratories [7]. Chromosorb G-AW was pur¬ 
chased from WGA GmbH and silanized kieselguhr from Merck KGaA. 

Concentrations are determined from the integral absorbance, i.e. the area below the spec¬ 
trum. The spectra are recorded in the wave-length range from 400 to 750 nm. Calibration of 
the integral absorbance has been performed in the flow-through cell of the chromatograph by 
using different solvents. By this, all systematic errors that arise from the construction of the 
cell, the fiber optics, and the unknown optical path-length could be eliminated. The wave¬ 
length of maximum absorbance depends on the solvent; the area below the absorption peak, 
however, is independent of it within experimental accuracy and only depends on concentration 
and the optical path-length of the cell. A modified Lambert-Beer's law describes the depen¬ 
dence on these parameters [9, 10]. 

For the equilibrium measurements the dyestuffs were precipitated on the surface of selected 
kieselguhrs as stationary phases and filled into a chromatographic column. Then temperature 
and pressure were adjusted. Before each measurement series a reference spectrum was 
recorded. Firstly, purification from better soluble impurities of the dyestuffs was performed in 
a continuous flow. In the following, the dependence of the saturation concentration on the 
flow-rate and the time which is necessary for equilibration was determined. Within the 
experimental accuracy no dependence on these parameters was found. Nevertheless, for 
equilibration the substance was treated more than 10 min under isothermal-isobaric conditions. 

3.2. Results and Discussion 

For a successful purification it is useful to remove the dyestuff from the flow and to repeat 
the process after some time. Because of the use of the diode array spectrophotometer and the 
continuous flow the irradiation time is very short. Besides the advantage of continuous purifi¬ 
cation the light induced degradation is consequently minimized. 
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For most systems under test there exists an equilibrium between a solid dye and a fluid 
phase. In supercritical solutions it is common that melting point depression occurs. Because of 
the melting point depression a fluid/fluid equilibrium for isotherms near the melting points 
might appear (for a discussion of this effect in the case of l,4-bis-(octylamino)-9,10-anthra- 
quinone see [7, 10, 11]). 


cl 10" 5 mol dm 1 c/10' 5 mol dirT* 



Figure 1. Solubilities of l,4-bis-(octylamino)-9,10-anthraquinone on silanized kieselguhr in 
C0 2 as a function of a) density p and b) pressure p [11 ] 

(0 T = 310.1 K, □ T = 320.0 K, A T = 329.9 K, O T = 340.1 K) 

For both dyestuffs the plot of concentration versus density shows (Figure la) that the solu¬ 
bility increases with rising density of the supercritical fluid. The density was calculated from 
the EOS given by Span and Wagner [13], At a constant density the solubility of the dyestuffs 
increases with rising temperature. For high temperatures the solubilities increase more rapidly 
with increasing density. In the concentration versus pressure plot (Figure lb), however, the 
isotherms have two intersection points. Between the first and the second intersection point the 
decrease of density and solvent power dominates with increasing temperature. This effect of 
temperature on solubility might be useful for the dyeing process of fibers and textiles [1]. 
Above the second intersection point the normal temperature dependence of solubility is found. 
This region could not be reached for l,4-bis-(butylamino)-9,10-anthraquinone. 

Preceding measurements by Swidersky on the same dyes were carried out with the static 
method [7, 8, 9, 14], The differences between the measurements result from an incomplete 
purification of the same sample during preceding investigations. Recent experiments on purer 
dyes using the same static method agree very well with the measurements according to the 
dynamic method [15]. An adsorption effect of the stationary phase that has been used to 
precipitate the dyestuff on its surface is not found within the experimental accuracy. 
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4. SOLUBILITY MEASUREMENTS OF p-CAROTENE WITH A STATIC METHOD 

Carotenoids (especially p-carotene) find widespread applications in food industry. These 
pigments not only give an attractive color to a wide variety of food products but it is also 
known that p-carotene and various other members of this substance family play an important 
role in cancer prevention. 

Plant materials often contain large amounts of p-carotene. Although most p-carotene used 
commercially is synthetic, the extraction from natural sources with supercritical gases becomes 
more and more important, especially because of the ecological advantages towards the “clas¬ 
sical” extraction techniques with organic solvents. Therefore, solubility measurements are 
needed to understand and to design such extraction processes. Solubility data of p-carotene in 
supercritical fluid solvents, specifically phase equilibrium measurements, are given in the 
references [16-19]. 

4.1. Experimental 

In our present work we performed the experiments with a static method similar to Jay et al. 
[17, 18]. The main part of our apparatus is a high-pressure autoclave with two sapphire win¬ 
dows and magnetic stirring [6-10, 14], A detailed description has already been published [9]. 

C0 2 (99.5 %) and CC1F, (99.0 %) were purchased from Messer Griesheim GmbH. 
p-Carotene (97 % (UV)) was supplied by Fluka GmbH, respectively. 

A calibration was performed in the same way as described in section 3.1., but in place of the 
detector cell cuvettes were used. The calibration curve was determined with stable solutions of 
known concentrations in several organic solvents. 

For the solubility measurements themselves an amount of P-carotene was introduced into 
the cell to ensure saturation at all conditions. There exists an equilibrium between a solid 
P-carotene precipitate and a fluid phase (C0 2 as well as CC1F, saturated with P-carotene). 
Before the autoclave was adjusted to the temperature and pressure conditions under test, 
impurities produced thermally and by light induced degradation [20], which could be seen in 
the VIS-region, were blown off by sudden releases of the gaseous phase from the cell [7, 10, 

14]. 

Solute and solvent were equilibrated when absorbance at a fixed wave-length remained 
constant. This was achieved within a period ranging from ca. 30 min up to several hours, the 
latter especially at pressures above 100 MPa. 

4.2. Results and Discussion 

In this work the solubility of P-carotene was investigated as a function of temperature and 
pressure in near- and supercritical C0 2 and CC1F V 

In Figure 2 the experimental solubilities are represented as concentration (pressure) and 
concentration (density) isotherms for C0 2 at four different temperatures. The dependence of 
solubility versus temperature or density is quite usual, as it increases when one of these 
parameters is raising. C0 2 is a better solvent for the apolar P-carotene than CC1F V The lower 
solvent power of CC1F 3 can be explained from its dipole moment (1.7 10 30 C m) [21], The 
non-polar C0 2 enables interactions between the solvent molecule and the solute whereas in the 
case of CC1F, these effects are restrained. The thermodynamic background to this particular 
behavior can e.g. be derived from considerations by Prausnitz et al. [22], 
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For C0 2 maximum concentrations were found on all isotherms at a pressure of about 
100 MPa corresponding to densities of about 1.00 to 1.15 g cm" 3 . This particular effect is no 
artifact but it is consistent with thermodynamic behavior. When the partial molar volume of 
P-carotene in the fluid phase reaches the value of the molar volume of the pure solid 
P-carotene a maximum mole fraction is found. 



p/gcm"* p/MPa 

Figure 2. Solubilities of p-carotene in C0 2 as a function of a) density p and b) pressure p 
(• T = 288.7 K, ■ T = 296 K, ♦ T - 304 K, ▲ T = 309 K) 


The reason why this behavior is rarely mentioned in the literature lies in the fact that reach¬ 
ing those high pressures is technically difficult. Nevertheless, similar phenomena were found 
for other systems [6, 7, 9, 10, 14, 23], The experimental data reported by Sakaki [19] agree 
quite well with the presented data. Sakaki also performed his measurements by using a fluid- 
chromatograph. Jay et al. [17, 18] found in their measurements a deviation towards higher 
values at higher temperatures. The authors [17, 18] used a sample from the same supplier 
(Fluka GmbH) and with the same specifications (i.e. p-carotene, 97 % (UV)) as in the present 
investigations. For this disagreement the reason might be that they used the P-carotene without 
further purification. In our experiments we found out that products of light and heat induced 
degradation showed significant absorption in the VIS-region. In order to remove the impurities 
sudden releases of the gaseous phase were effective. 


5. CONCLUSIONS 

The dynamic method permits the purification from better soluble impurities as well as con¬ 
tinuous solubility measurements at the same time. An adsorption effect of the stationary phase 
which is used to precipitate the dyestuff on its surface is not found within the experimental 
accuracy. The measurements of l,4-bis-(n-alkylamino)-9,10-anthraquinone (with n-alkyl = 
butyl, octyl) show two intersection points in the plot of pressure versus concentration. 

C0 2 is a better solvent for the apolar p-carotene than CC1F,. The lower solvent power of 
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CC1F 3 can be explained from its dipole moment. The non-polar C0 2 facilitates interactions 
between the solvent molecule and the solute whereas in the case of CC1F 3 these effects are 
restrained. For C0 2 maximum concentrations were found on all isotherms at a pressure of 
about 100 MPa corresponding to densities of about 1.00 to 1.15 g cnT \ 
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1. ABSTRACT 

Solubility data of biological compounds taken from literature are considered in this work. 
Different thermodynamic models based on cubic equations of state and UNIFAC are used in 
the correlation of experimental data. Interaction parameters are obtained by group contribution 
approach in order to establish correlations suitable for the prediction of the solid solubility. 


2. INTRODUCTION 

Since to measure solid solubility data is time consuming and the cost of the operation is quite 
high the existing data should be considered in the framework of optimizing the experimental 
effort and reducing the overall expenses by applying a suitable thermodynamic model. 

In this work solubility data of biological compounds taken from literature were considered. 
Different thermodynamic models based on cubic equations of state (EOS) are used in the 
correlation of experimental data. The interaction parameters are described on the basis of 
group contribution (G.C.) approach in order to establish correlations suitable for the prediction 
of the solubility of compounds of similar molecular structure. 


3. SOLUBILITY OF SOLIDS IN SUPERCRITICAL FLUID 


The solubility of a solid solute (component 2), in a supercritical fluid is calculated, if the solid 
phase is a pure component, by: 


y 2 = 


psub 

—^T ex P| 
P4>f 


vf/ 

RT' 


P-P 


sub ’ 


( 1 ) 


where at temperature T, P 8ub is the sublimation pressure, V 2 is the solid molar volume and 
((>2 is the fugacity coefficient in the supercritical phase at pressure P. 

The fugacity coefficient <J>| is calculated by using a thermodynamic model. In this work the 
SRK (Soave) and Peng Robinson (PR) Equations of State were considered. 
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The EOS energy parameters were determined by using classical mixing rules or UNIFAC 
method. 

In any cases, the critical parameters T c and P c , and acentric factor co are unknown and should 
be estimated by G.C. methods. Different approaches are available in literature and have been 
applied for the calculation of the solubility. 


4. INFLUENCE OF CRITICAL PROPERTIES 

Four G.C. approaches for the evaluation of T c , P s and co have been used for characterizing 
steroids and non steroidal drugs. In particular, the Ambrose approach [1] was used by 
calculating the normal boiling point T b with Constantinou and Gani approach (method 1) and 
with the Lydersen method modified by Joback [1] (method 2); the method 3 is the Lydersen 
approach modified by Joback; the method 4 is the Constantinou and Gani approach [2, 3], The 
results obtained with the different methods using the PR EOS [4] and fitting the parameter k 12 
of the classical Van der Waals mixing rules are reported in Table 1. For these calculations the 
sublimation pressure P“ b and solid volume v" 2 were taken from the literature. 

By comparing the different deviations dY% on the solubility of the solid in the supercritical 
phase, some remarks can be made: steroidal compound solubilities are generally better 
correlated by method 1, while method 4 seems more suitable for the other compounds. This 
can be explained by considering the values of the critical pressures for steroidal compounds. 
The Constantinou and Gani approach (method 4) is underestimating P c (for example, for 
cholesterol: P</bar =11.9 with method 4, and 17.7 with method 1) with close values of T c . 
This behaviour can be due to the particular structure of steroids which mainly contain 
naphthenic carbons for which few experimental data of P c are avalaible in the literature. On the 
contrary, for the other molecules having many different functional groups (esters, aromatics, 
heterocycles ...) the more detailed Constantinou and Gani method leads to more realistic 
critical pressures (for example, for nitrendipine, with similar T c , method 4 gives 12.2 bars 
while method 1 gives 45.1 bars). Methods 2 and 3 give intermediate results. Also the 
Somayajulu method [12] was applied and led to deviations comparable to method 2 and 3. 

In further calculations we focused on steroidal compounds and only method 1 was used for the 
estimation of the pure solid properties. 


5. THERMODYNAMIC MODEL 
5.1. Influence of the equation of state 

The original Peng Robinson EOS (Table 1) is compared in Table 2 with: 

- the PR EOS with the volume correction of Peneloux (PRc«t) [13]; 

- the Soave-Redlich-Kwong EOS (SRK) [14]; 

- and the PR EOS with a modification of the volume function in the attractive part (PRmod) 
where the assumption of the one fluid model is not more valid [15]. 

For all the calculations the parameter k n of the classical van der Waals mixing rules was fitted. 
It can be seen from Table 2 that the volume correction does not give a significant 
improvement; slightly worst results are obtaned with SRK EOS while the PRmod shows a clear 
improvement at lower temperatures (as in the case of Cholesterol, Progesterone..). 
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Table 1 


Choice of critical properties for the calulation of solubility (y) of solids in CO 2 using the PR 
equation (1 - Ambrose with Tb Constantinou Gani: 2 - Ambrose with Tb Lydersen modified by 
Joback: 3 - Lydersen modified by Joback: 4 - Constantinou and Gani). 


Compounds 

T/K 

1 

Dy% 

2 

Dy% 

3 

Dy% 

4 

Dy% 

Authors 

Cholesterol 

308.15 

32.48 

70.17 

86.10 

86.10 

Wong and Johnston 


318.15 

66.18 

69.11 

69.21 

69.21 

(1986), [5] 


328.15 

66.54 

59.47 

63.37 

63.27 


Cholesterol 

328.15 

18.40 

38.19 

83.56 

59.43 

Kosal and al. 


333.15 

33.00 

41.81 

82.81 

58.81 

(1992), [6] 

Cholesterol 

313.15 

20.38 

73.49 

96.87 

85.59 

Yun and al. 


323.15 

18.08 

73.98 

90.08 

87.37 

(1991), [7] 


333.15 

23.28 

66.70 

86.27 

73.73 


Progesterone 

308.15 

17.75 

58.82 

84.58 

53.80 

Kosal and al. 


313.15 

18.67 

52.56 

73.96 

51.04 

(1992), [6] 


318.15 

17.03 

44.63 

71.64 

43.90 



328.15 

35.01 

66.72 

80.46 

67.09 


Progesterone 

313.15 

27.46 

12.06 

41.40 

11.93 

Valli 


333.15 

19.43 

13.79 

44.13 

13.44 

(1995), [8] 

Testosterone 

308.15 

14.26 

43.79 

68.36 

56.92 

Kosal and al. 


313.15 

21.78 

49.45 

66.88 

61.22 

(1992), [6] 


318.15 

32.11 

57.49 

77.61 

70.51 



328.15 

21.72 

32.33 

45.10 

40.34 


Stigmasterol 

308.15 

45.07 

85.07 

87.74 

87.23 

Wong and Johnston 


323.15 

50.84 

80.42 

84.95 

80.38 

0986), [5] 


333.15 

70.31 

81.25 

83.80 

85.81 


Ketoprofene 

312.50 

17.18 

21.33 

20.90 

15.13 

Mosca 


331.50 

26.58 

33.63 

28.02 

20.92 

(1995), [9] 

Piroxicam 

312.50 

29.33 

13.74 

25.34 

15.57 

Mosca 


331.50 

25.15 

12.04 

20.17 

14.90 

(1995), [9] 

Nimesulide 

313.15 

28.11 

20.84 

10.27 

9.52 

Schuchardt 


333.15 

48.24 

39.03 

16.73 

24.61 

(1995), [10] 

Nitrendipine 

333.15 

53.42 

44.07 

29.73 

12.08 

Knez and al. 


350.15 

57.37 

46.10 

40.60 

23.24 

(1995), [11] 


373.15 

65.85 

51.75 

21.18 

21.23 


Nifedipine 

333.15 

55.01 

47.39 

24.73 

16.24 

Knez and al. 


353.15 

52.04 

44.48 

19.60 

19.75 

(1995), [11] 


373.15 

61.87 

47.20 

24.21 

20.40 
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Table 2 

Fitting of kn using different EOS (PR with volume correction (PRcorr), SRK, PR with modified 
volume function (PR^)) and pure prediction using UNIFAC model with scaling factor 


Compounds 

T/K 

PRcofi 

RKS 

PRrood 

UNIFAC 

Authors 

Cholesterol 

308.15 

27.02 

38.93 

22.45 

64.26 

Wong and Johnston 


318.15 

64.42 

68.70 

71.36 

59.72 

(1986), [5] 


328.15 

64.21 

69.92 

75.76 

65.35 



global 

51.88 

59.18 

56.52 

63.11 


Cholesterol 

328.15 

17.66 

20.63 

25.36 

53.83 

Kosal and al. 


333.15 

31.33 

35.62 

35.06 

66.49 

(1992), [6] 


global 

21.76 

25.12 

28.13 

57.64 


Cholesterol 

313.15 

20.52 

21.34 

4.28 

17.03 

Yun and al. 


323.15 

16.12 

19.44 

4.43 

18.77 

(1991), [7] 


333.15 

22.26 

24.57 

11.06 

22.97 



global 

19.48 

21.62 

6.33 

19.39 


Progesterone 

308.15 

18.01 

18.61 

9.32 

28.93 

Kosal and al. 


313.15 

16.18 

21.48 

7.17 

23.53 

(1992), [6] 


318.15 

16.13 

18.28 

16.29 

26.86 



328.15 

34.66 

36.84 

27.76 

35.19 



global 

21.24 

23.80 

15.14 

28.63 


Progesterone 

313.15 

28.69 

25.91 

35.38 

93.33 

Valli 


333.15 

19.28 

22.82 

40.45 

88.69 

(1995), [8] 


global 

24.41 

24.51 

37.68 

91.22 


Testosterone 

308.15 

15.22 

13.75 

14.80 

72.54 

Kosal and al. 


313.15 

20.27 

23.64 

17.46 

64.71 

(1992), [6] 


318.15 

30.92 

34.25 

23.52 

64.93 



328.15 

19.89 

24.85 

38.95 

66.66 



global 

21.61 

24.13 

23.84 

67.27 


Stigmasterol 

308.15 

40.28 

49.46 

36.12 

>100 

Wong and Johnston 


323.15 

48.59 

54.65 

46.17 

>100 

(1986), [5] 


333.15 

66.43 

74.97 

75.63 

>100 



global 

51.16 

59.16 

51.77 

>100 



5.2. Influence of mixing rules 

The UNIFAC model was introduced in the attractive parameters of the EOS using a scaling 
factor Ln according to Garduza [16] and Gamier [17]; this approach is similar to the method 
proposed by Wong and Sandler [18]. The calculations performed with the original UNIFAC 
parameters [19, 20, 21] do not give satisfactory results. This probably is due to the use of the 
reported interaction parameters a™ between C0 2 and the functional groups present in paraffins 
instead of those characteristic of cyclic paraffins which are present in the steroidal structure. 
Fitting the solubility data new parameters a™ and a^,, setting b™ and cw, equal to zero, were 
obtained; these parameters with a single scaling factor Li 2 were used for the pure prediction of 
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solubility data presented in Table 2. The deviations are sometimes in the same order as with 
classical mixing rules fitting one ki 2 parameter and, as it was expected, in other cases the 
prediction is very poor. 

5.3. Influence of sublimation pressure 

As it was pointed out by Chen et al. [22] the calculation of solubility data requires a proper 
estimation of sublimation pressures. The data were correlated using the PR EOS with classical 
mixing rules and the UNIFAC model with previously determined a™ parameters. 


Table 3 

Influence of sublimation pressure (P™ b ) on the calculation of the solubility (for PR and 
UNIFAC models, kn and L )2 were fitted respectively together with the parameters of the 
sublimation pressure). 


Compounds 

T/K 

PR 

psub 

dY% 

UNIFAC 

P“ lb dY% 

Authors 

Cholesterol 

308.15 

1.10.10* 10 

16.47 

1.18.1 O' 10 

16.86 

Wong and Johnston 


318.15 

9.27.10' 10 

46.35 

1.09.1 O' 09 

46.34 

(1986), [5] 


328.15 

6.81.10" 09 

33.49 

8.75.10- 09 

32.77 



global 


32.10 


31.99 


Cholesterol 

328.15 

7.37.10"° 8 

13.09 

4.33.10- 08 

13.23 

Kosal and al. 


333.15 

1.44.10"° 7 

33.42 

1.56.10 -07 

33.36 

(1992), [6] 


global 


19.19 


19.27 


Cholesterol 

313.15 

6.01.10 l# 

5.38 

5.31.10"*° 

5.25 

Yun and al. 


323.15 

2.12.10" 09 

7.33 

2.09.10- 09 

7.50 

(1991), [7] 


333.15 

6.98.10- 09 

5.93 

7.56.1 O' 09 

7.05 



global 


6.23 


6.57 


Progesterone 

308.15 

6.71.10'“ 

7.91 

7.45.10'“ 

7.81 

Kosal and al. 


313.15 

1.35.10' 10 

6.22 

1.51.1 O' 10 

6.01 

(1992), [6] 


318.15 

2.67.10' 10 

14.73 

2.98.10' 10 

14.59 



328.15 

1.02.10' 09 

20.84 

l.lO.lO" 09 

22.00 



global 


12.43 


12.60 


Progesterone 

313.15 

6.70.10 -09 

10.45 

6.66.1 O' 09 

10.36 

Valli 


333.15 

5.36. lO -08 

13.79 

5.32. lO -08 

14.31 

(1995), [8] 


global 


11.97 


12.16 


Testosterone 

308.15 

1.60.10' 10 

14.02 

1.97.1 O' 10 

13.95 

Kosal and al. 


313.15 

3.41.10'*° 

15.53 

4.19.10' 10 

15.87 

(1992), [6] 


318.15 

7.12.1 O' 10 

24.02 

8.68.10' 10 

25.07 



328.15 

2.89.10' 10 

22.04 

3.49.10' 09 

21.49 



global 


18.99 


19.18 


Stigmasterol 

308.15 

2.18.10" 12 

15.71 

1.94.1 O' 12 

15.62 

Wong and Johnston 


323.15 

2.90.10'“ 

13.43 

3.00.10'" 

13.76 

(1986), [5] 


333.15 

1.43.1 O' 10 

21.15 

1.63.10' 10 

20.46 



global 


16.71 


16.56 
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In each cases two parameters for correlating the sublimation pressure were fitted together with 
the kn (classical mixing rules) or L n (UNIFAC scaling factor) parameter. Results of the 
calculations are reported in Table 3. 

In both cases there is a clear improvement of the estimation of the solubility when using a 
proper evaluation of the sublimation pressure. Similar conclusions were drawn by Chen et al 
[22], but using a higher number of parameters. 

Furthermore, the order of magnitude of the P" lb obtained in both cases is realistic. It must be 
underlined that the values of the solubility y 2 and the sublimation pressure are close even if the 
two approaches are different. 


6. CONCLUSIONS 

The importance of a suitable G.C. method for evaluating the pure solid properties was 
evidenced. The limitations of the different G.C. methods are due to the limited experimental 
data available in the literature for heavy multifimctional compounds. The PR EOS with 
classical mixing rules gives the same results than the most complex UNIFAC approach. The 
importance of the sublimation pressure for correlating solubility data was underlined. 
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1. INTRODUCTION 

The application of high pressure (HP) for improving the shelf life of foods goes back to 
1899 [1], but was not seen as an attractive technology in the food area until the early 
eighties of this century, when research on HP was reinitiated at the University of 
Delaware [2] and especially since after, according to an initiative of Hayashi [3], the 
Ministery of Agriculture, Forestry & Fishery established in 1989 the “Association for the 
Study on Ultra High Pressure Applied Technology in the Food Industry” [3]. Based on 
these activities various HP-treated products (juices, jams, yoghurt) have been in¬ 
troduced into the market in Japan since 1990. Concerted European activities have 
been taking place since 1992 (4). 

Obviously within the worldwide discussions on proper technologies for the production 
of “minimal processed foods”, the application of high pressure was seen as a suitable 
technology which was based on the following facts: 

a) High pressure (HP) effects only secondary and tertiary (non-covalent) bonds. This 
means only large molecules, cell membranes, enzymes etc. are denatured and, 
therefore, microorganisms and enzymes as the dominating sources for food spoi¬ 
lage can be inactivated without heat application (even at sub zero temperatures). 

b) Primary or covalent bonds are not affected. This means low molecular weight 
quality determining components like vitamins, pigments, flavor substances as well 
as their precursors which are highly affected by the traditional thermal processing, 
remain intact. 

Thus in contrast to heat preserved foods HP-preserved foods retain their “un¬ 
cooked” (“fresh”) status. 

It has recently been shown [5] that just looking on primary, secondary and tertiary 
bonds is a too simple viewpoint for the description of HP-effects. Covalent bonds 
are not directly affected by HP. However, since a food is a complex, multicompo¬ 
nent system reactions between the different components can be accelerated by HP. 
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c) In contrast to thermal processing (where depending on the heat transfer, the tempe¬ 
rature gradient in the product etc. an overcooking or flavor and vitamin losses 
cannot be avoided), HP acts immediately and is independent from size and shape 
of the product. Furthermore, the HP-treatment can be applied in hermetically sealed 
(flexible) containers used for the final delivery and distribution. 

Thus, the application of HP could not only be seen as an attractive method for the 
production of minimal processed foods, but specifically also for the inpackage pre¬ 
servation resp. shelf life extension of freshly cut vegetables or vegetable mixes. It was 
the goal of the following investigations to evaluate the HP-potential for this application. 
Three vegetables were investigated: potatoes (as an example for a food rich in starch), 
carrots (as example for a non starch containing vegetable) and green beans (as a 
product containing a highly heat resistant peroxidase). 

2. Reduction of the “natural” microbial contamination 

In vegetables the dominating microorganisms are enterobacteriacae (besides E. coli). 
The average total counts (CFU) of freshly harvested products are in the range of 10 6 - 
10 8 . The microorganisms are mostly located at the surface and cannot be removed by 
washing. Table 1 shows the reduction of the total counts for potato cubes after a HP- 
application (in this case since 10x10x10 mm cubes from the inside of the tuber were 
used, microorganisms which were washed off from the surface were added to reach an 
initial count of 10 6 CFU/ml). 

Tab. 1 

Effect of a high pressure application on the reduction of total counts (CFU/ml) in 
comparison to water blanching 



High-pressure 

400 MPa/15 min 

Water blanching 
at 100°C 

°c 

CFU/ml 

sec 

CFU/ml 

5 

< 10 2 

60 

10 3 

20 

< 10 2 

90 

< 10 3 

35 

< 10 2 

120 

< 10 3 

50 

< 10 2 

150 

< 10 3 


HP reduces the total counts similar to a mild blanching (which at 150 sec. is sufficient 
for a complete inactivation of the polyphenoloxidase an enzyme involved in the enzy¬ 
matic browning of the products). Obviously and in line with the present "state of the 
art”, spores cannot be inactivated sufficiently at temperatures up to 50°C by a HP- 
treatment; but temperatures above 65°C [6] are needed. However, this leads to heat- 
induced changes in the texture, flavor etc. A product treated under these conditions, 
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therefore, can no longer be called a “minimal processed" food. Within the present 
study, the incomplete inactivation was not a problem, since the HP-treated products 
were shelf stable (which means no microbial spoilage) for at least 5 months of cold 
storage (4°C). 

3. Inactivation of enzymes 

In contrast to vegetative microorganisms most food related enzymes are pressure 
tolerant. Fig. 1 and 2 demonstrate that only the polyphenoloxidase (PPO) and only in 
carrots and potatoes can be inactivated at 900 MPa, whereas an inactivation of the 
peroxidase (POD) is not possible even at this very high pressure. Fig. 1 and 2, fur¬ 
thermore, demonstrate that the inactivation is strongly depending on the corresponing 
vegetable and is more easily achieved in carrots in comparison to potatoes and most 
difficult in green beans (which show a similar resistance against heat). 



PRESSURE (MPa) 

Fig. 1 Influence on the PPO-activity 

At 400 MPa which is the pressure most commonly used for food applications, the 
inactivation of the enzymes is even more incomplete (e.g. PPO about 70 % residual 
activity at room temperature and 40 % at 50°C). This leads to a denaturation of the cell 
membranes and the destruction of cell compartments, but limited inactivation of the 
enzymes. Therefore, in contrast to the intact cells, membrane bound enzymes and the 
corresponding substrates get into contact. In case of the PPO (in the presence of 
oxygen) this means a rapid and severe browning as shown in fig. 3 for potato cubes 
after opening an oxygen-tight pouch. In oxygen permeable pouches like polyethylene 
this severe browning occurs already in the pouch. Therefore, a non-oxygen permeable 
packaging is the precondition for a proper shelf life of HP-treated vegetables. 

4. Texture and cooking behaviour 

The texture of HP-treated vegetables has to be seen under 2 aspects: 

a) The texture during storage after the HP-treatment until consumption. In this case 
the texture should be almost identical to the fresh vegetable. 

b) The texture after cooking which is the usual way of preparation prior to consump¬ 
tion. 



PRESSURE (MPa) 

Fig. 2 Influence of UHP on the POD-activity 


ioo m 


POTATOES 

CARROTS 
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Due to the destruction of the cell membranes and the (at least partial) liberation of the 
cell liquor, a HP-treatment causes a certain but acceptable softening of the uncooked 
tissue. Due to this fact apple cubes in the apple jams being on the market in Japan 
show a crispy raw texture very similar to fresh apples. But since (in contrast to apples) 
vegetables normally are cooked prior to consumption, the texture after cooking is more 
important. Fig. 4 shows that HP-treated carrots no longer soften during cooking as 
non-treated vegetables do. This is the case also for potatoes, green beans, broccoli, 
celeriac, lentils, apples, bell pepper, and also for leafy vegetables as leek or Brussels 
sprouts. 



Fig. 3 Speed of enzymatic browning Fig. 4 Texture of carrots (HP-treated 

after a UHP-treatment 600 Mpa/15 min./ 20°C vs. non treated) 

The softening upon cooking is known to be the result of a pectin degradation (prefer¬ 
ably of a 13-elimination which means a splitting of the highly methylated pectin chain 
besides a methoxyl group) leading to a swelling of the middle lamella of the plant cell 
wall and the corresponding softening of the tissue. Thus, alterations of pectin could be 
suggested and indeed a loss of the water and alkaline solubles resp. an overall loss of 
the extractable pectin has been detected after a HP-treatment. 

Since the determination of the water, oxalate and alkaline soluble pectin is just an 
extraction followed by a precipitation, this loss could be either the result of a poorer 
extractability or of a degradation into lower molecular weight pectin fractions which no 
longer can be precipitated by ethanol. Obviously the degradation is negligible, be¬ 
cause the viscosity of pectin solutions which should be a sensitive indicator for the 
breakage of already few bonds is not altered by the application of HP. 
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Finally, the alteration of the pectin extractability and the corresponding tissue harden¬ 
ing is the result of the liberation and insufficient inactivation of enzymes especially of 
the Pectinmethylesterase (PME) during a HP-application, which could be shown by our 
investigations and was also confirmed by Japanese researches [7], 

5. Pectinmethylesterase activity and Its effect on tissue hardening 

PME activity is almost not affected in the usual pressure range up to 600 MPa [7]. In 
the intact cell, PME is bound to the cell wall, upon HP-application PME is liberated and 
gets into contact with its substrate the highly methylated pectin. This causes a de¬ 
esterification not only during the HP-application, but a continuous further deesterifica¬ 
tion can be observed after release of the pressure [8]. Therefore, the tissue hardening 
and poor cooking behaviour is even more pronounced after a storage of 3 - 4 days 
(fig. 5, 6). 


Hardness of 12 min. cooked carrots 



Fig. 5 After UHP-treatment 570 MPa, Fig. 6 After UHP-treatment 570 MPa, 

1 5 min. at 20°C 1 5 min. at 50°C 

Furthermore, the hardening effect is strongly depending on the temperature during HP- 
treatment (fig. 6). This is also clearly related to PME which shows a temperature 
optimum of the range of 50 - 60° C. 

This activation of the PME at 50 - 60° C is well-known and used e.g. in the LTLT- 
blanching process (Long-Time-Low-Temperature) applied in the canning industry or in 
the precooking processes of the potato puree production processes. The mechanism 
of this tissue firming effect (which in canning reduces resp. avoids the tissue disinte¬ 
gration during the sterilization) has been described first by Bartolome et el. [9]. 

Since heat (as well as HP) causes a denaturation of the cell membranes and also 
liberates the PME, the divalent cations (Ca, Mg) from the cell liquor come into contact 
with the deesterified pectin and form Ca-bridges. Within canning, this tissue firming 
effect is further promoted via the addition of Ca-salts. 
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Thus, it can be concluded that the HP-effect is very similar to what is known from 
canning. However, since tissue firming by HP is much more pronounced than de¬ 
scribed in canning pretreatments, it is suggested that the stronger hardening upon a 
HP-treatment is the result of a higher degree of deesterification, because the tissue 
softening during cooking is caused by a 3-elimination. 

6. Discussion and Conclusions 


In spite of the fact that spores cannot be inactivated in the usual pressure range and 
at temperatures low enough to be in a range which can be called “minimally proces¬ 
sed”, microbial inactivation is not the barrier problem in the HP-treatment of vegetables 
and fruits. The main problem is that the enzymes are liberated from their location in the 
intact cells at much lower pressure (below 400 MPa) and even at much higher pres¬ 
sure same are not property inactivated. Whereas certain effects can be overcome, e.g. 
the PPO-related severe browning by using packaging materials not permeable for 
oxygen, the effects of other enzymes, especially the tissue hardening effects of the 
PME, can currently not be properly avoided. Further investigations are needed to 
identify, if conditions can be selected where these effects can be utilized in a positive 
way, e.g. similar to the firming effect caused by the PM E-activation which is used in 
canning. 
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Partitioning of Carbohydrates in the Three-Phase Region of Systems 
Containing Carbon Dioxide, Water and a Modifier at High Pressure 

O. Pfohl 3 , R. Dohrn b and G. Brunner 3 

a TU Hamburg-Harburg, AB Thermische Verfahrenstechnik, 21071 Hamburg, Germany 
b Bayer AG, Zentrale Forschung und Entwicklung, ZF-T5, 51368 Leverkusen, Germany 

Partitioning of carbohydrates in the vapor-liquid-liquid regions of the acetone+water+car- 
bon dioxide system and the 2-propanol+water+carbon dioxide system has been investigated 
experimentally between 313 and 343 K and between 4 and 13 MPa. Both series yielded the 
same qualitative results. Partitioning of the carbohydrates between the two liquid phases of the 
vapor-liquid-liquid equilibria (VLLE) shows the dependencies of the carbohydrate K-factors 
on pressure and temperature. The Soave-Redlich-Kwong equation of state is suitable to 
reproduce carbohydrate partitioning in the glucose+acetone+water+carbon dioxide system. 


1. INTRODUCTION 

Experimental investigation of VLLE in acetone (or 2-propanol) + water + carbon dioxide 
systems has been of interest for many research groups'-2.3.4,5,6_ Qn the other hand there has 
been interest in partitioning of carbohydrates in high pressure vapor-liquid equilibria (VLE) of 
systems containing carbon dioxide, water and modifiers 7 - 8 ' 9 ' 10 . Carbohydrates like glucose and 
fructose were taken as model compounds for more expensive carbohydrates which are 
separated by pharmaceutical and health industry. Usage of modifiers yielded mole fractions of 
carbohydrates in the vapor phase a thousand times higher than without modifier, but still too 
low to raise industrial interest in a separation of carbohydrates based on carbon dioxide. 

In order to further increase the solubility of carbohydrates in the second phase necessary for 
separation and keeping the system pressure low, we investigated partitioning of carbohydrates 
between the liquid phases in the VLLE region of modifier + water + carbon dioxide systems. 


2. EXPERIMENTAL 

The experimental setup, procedure and analysis are described in detail by Pfohl et al. n l2 . 
For the systems containing acetone and 2-propanol, two different apparatuses have been used. 
Each apparatus (-1000 cm 3 , static-analytical method) is placed in a thermostated bath and 
equipped with sampling capillaries, thermocouples and high-precision pressure transducers. 

The condensable part of a sample is separated from carbon dioxide by an expansion through 
cold traps. The condensate in the cold traps is weighed and analyzed with Karl-Fischer titration 
(water) and HPLC (carbohydrates). The modifier mass is calculated by weight difference. 

The weight-fraction ratio carbohydrates/water was 15/85 in the beginning of all experiments. 
In the systems containing 2-propanol, experiments have been carried out filling the autoclaves 
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once and changing temperature or pressure the succeeding days, while in the systems 
containing acetone the apparatus has been filled with fresh feed every day. 


3. RESULTS 

The results of the measurements in the quaternary systems glucose+2-propanol+water+ 
carbon dioxide and glucose+acetone+water+carbon dioxide are listed in Table 1 and 2. 
Glucose was never detected in the gas phase, therefore the glucose mole fractions in the gas 
phase have been estimated according to a procedure described below. The data are well- 
behaved, showing the dependencies of all component mole fractions on pressure and 
temperature. Like in the glucose-free ternary subsystems 1-6 increasing temperature (at constant 
pressure, Figure 1) and decreasing pressure (at constant temperature) lead to a L2-phase 
composition more similar to the LI-phase composition until both phases become identical. 
Opposite changes of temperature and pressure lead to a L2-phase composition more similar to 
the gas-phase composition until the L2 phase and the gas phase become identical. 

Figure 1. 

Glucose-free projections of VLLE three- 
phase regions in the glucose + 2-propanol + 
water + carbon dioxide system at 9.6 MPa 
and different temperatures: 

O = 325.65 K 
A = 328.15 K 
V =333.15 K 
□ = 338.15 K 


Partitioning of glucose shows an expected behaviour: when the middle phase becomes more 
similar to the (nearly glucose-free) carbon dioxide-rich upper phase the carbohydrate solubility 
in the middle phase decreases. Partitioning of glucose between the two liquid phases as a 
function of temperature and pressure is shown in Figure 2 and 3 for the 2-propanol and 
acetone systems. Using the Soave-Redlich-Kwong EOS 13 with a modified a-function after the 
proposal by Schwartzentruber et al. 14 and the mixing rule proposed by Mathias, Klotz and 
Prausnitz 15 it is possible to predict the extent of the three-phase region in the glucose + 
acetone + water + carbon dioxide system and reproduce glucose partitioning between the two 
liquid phases. The binary interaction parameters for all binaries without glucose have been 
optimized to minimize deviations of experimentally determined phase compositions from 
calculated ones in the binary subsystems. The binary interaction parameters for glucose were 
regressed from the glucose K-factors determined in the quaternary system. The parameters 
and the literature sources for the binary data are listed in Ref. 11. The calculation results for 
the glucose K-factors (x L2 /x L1 ) are plotted in Figure 3 together with the experimentally 
determined values. Agreement is good, it is within 20% covering a range from 0.00005 to 
0 . 01 . 
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Table 1 

Mole Fractions from VLLE of the 
Glucose+2-Propanol+Water+CCL System 
P/MPa Glucose 2-Prp. Water CO 2 

T/K _ 

9.14 V -2E-07 


333.15L2 5.10E-03 
LI 3.16E-02 
9.67 V ~2 E-07 
333.15L2 3.87E-03 
LI 2.98E-02 
10.17 V -3E-07 
333.15L2 2.32E-03 
LI 2.26E-02 
10.69 V -5 E-07 
333.15L2 1.05E-03 
LI 1.59E-02 
11.19 V -5E-06 
333.15L2 6.63E-04 
LI 1.38E-02 
11.40 V -IE-05 
333.15L2 4.36E-04 
LI 9.18E-03 
11.60 V -IE-05 
333.15L2 3.41E-04 
LI 6.27E-03 
9.63 V -4 E-07 
343.15L2 7.13E-03 
LI 2.87E-02 
9.67 V -2 E-07 
338.15L2 4.35E-03 
LI 2.30E-02 
9.63 V ~2 E-07 
333.15L2 2.83E-03 
LI 2.37E-02 
9.62 V ~2 E-07 
328.15 L2 1.35E-03 
LI 2.31E-02 
9.66 V ~6 E-07 
325.65L2 5.19E-04 
LI 2.12E-02 
9.45 b V -3 E-07 
328.15 L2 1.96E-03 
LI 3.70E-02 


0.015 

0.006 

0.979 

0.303 

0.484 

0.208 

0.066 

0.874 

0.028 

0.020 

0.006 

0.974 

0.302 

0.439 

0.255 

0.054 

0.888 

0.028 

0.027 

0.008 

0.965 

0.293 

0.400 

0.305 

0.065 

0.883 

0.029 

0.042 

0.012 

0.946 

0.290 

0.372 

0.337 

0.065 

0.889 

0.030 

0.088 

0.034 

0.878 

0.270 

0.289 

0.440 

0.062 

0.894 

0.030 

0.108 

0.052 

0.840 

0.263 

0.261 

0.475 

0.059 

0.906 

0.026 

0.127 

0.069 

0.804 

0.253 

0.243 

0.504 

0.045 

0.927 

0.022 

0.018 

0.008 

0.974 

0.268 

0.571 

0.154 

0.059 3 

1 0.887 3 

1 0.026 

0.017 

0.007 

0.976 

0.288 

0.520 

0.188 

0.084 

0.864 

0.028 

0.018 

0.007 

0.975 

0.305 

0.447 

0.245 

0.074 

0.875 

0.027 

0.023 

0.007 

0.970 

0.310 

0.345 

0.343 

0.067 

0.887 

0.023 

0.032 

0.011 

0.957 

0.262 

0.227 

0.511 

0.068 

0.887 

0.024 

0.019 

0.007 

0.974 

0.307 

0.342 

0.349 

0.045 

0.893 

0.025 


Table 2 

Mole Fractions from VLLE of the 
Glucose+Acetone+Water+CO-) System 
P/MPa Glucose Actn. Water CO-> 

T/K _ 

4.02 V -3E-10 


313.0 

L2 

1.90E-05 


LI 

2.09E-02 

6.11 

V 

-2E-10 

313.0 

L2 

1.00E-06 


LI 

1.82E-02 

4.10 

V 

~ 7 E-09 

323.0 

L2 

9.20E-05 


LI 

2.15E-02 

6.10 

V 

~ 1 E-09 

323.0 

L2 

5.20E-06 


LI 

1 93E-02 

4.16 

V 

~ 7 E-09 

333.0 

L2 

3.00E-04 


LI 

2.09E-02 

6.07 

V 

~ 2 E-09 

333.0 

L2 

2.30E-05 


LI 

2.04E-02 

8.23 

V 

~ 2 E-09 

333.0 

L2 

1.00E-06 


LI 

1.96E-02 


0.014 

0.003 

0.983 

0.383 

0.107 

0.510 

0.066 

0.885 

0.028 

0.014 

0.003 

0.983 

0.183 

0.031 

0.786 

0.019 

0.934 

0.029 

0.022 

0.008 

0.970 

0.442 

0.187 

0.371 

0.083 

0.870 

0.025 

0.020 

0.005 

0.975 

0.311 

0.051 

0.638 

0.032 

0.924 

0.025 

0.030 

0.008 

0.962 

0.450 

0.253 

0.297 

0.094 

0.856 

0.029 

0.030 

0.006 

0.964 

0.350 

0.113 

0.537 

0.059 

0.894 

0.027 

0.031 

0.006 

0.963 

0.171 

0.041 

0.788 

0.011 

0.944 

0.025 


a Outlier, b lt is obvious, that within one series 
of experiments (either at constant 
temperature or at constant pressure) the ratio 
glucose/water decreases in all phases with 
increasing residence time of the carbohydrate 
in the autoclave (i.e. with rising pressure at 
constant temperature or at decreasing 
temperature at constant pressure, see above). 
We believe that the degradation of the 
carbohydrate has no influence on the phase 
equilibrium (especially glucose partitioning) 
within measuring accuracy. An additional 
experiment carried out with a new autoclave 
filling (9.45MPa, 328.15K) yielded the same 
results within measuring accuracy as an 
experiment with an autoclave filling as old as 
two weeks (9.62MPa, 328.15K) with lower 
carbohydrate content in all phases due to 
degradation. 
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Figure 2. Glucose K-factors (x L2 /x L1 ) from VLLE measurements in carbohydrate+2-propanol+ 
water+carbon dioxide systems against system temperature and pressure. (0 = data from the 
glucose+2-propanol+water+carbon dioxide system, □ = data from the glucose+fructose+xylose 
+maltose+saccharose+2-propanol+water+carbon dioxide system from Ref. 12) 



Figure 3. Glucose K-factors (x L2 /x L1 ) from VLLE measurements in the glucose+acetone+ 
water+carbon dioxide system against system temperature and pressure. ( □ = experimental data, 
grid = calculation results with Soave-Redlich-Kwong EOS, see text) 
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4. COMPARISON WITH VLE DATA FROM LITERATURE 

Biinz 10 measured vapor-liquid equilibria in glucose + 2-propanol + water + carbon dioxide 
systems at temperatures between 313.15 and 343.15 K and pressures between 13.8 and 30 
MPa. The overall weight ratio carbohydrates/water was the same as intended in this study: 
15/85. Glucose K-factors in the systems with modifier increased when approaching the plait 
point of the glucose-free projection on the 2-propanol + water + carbon dioxide surface. This 
behavior is the equivalent to the results obtained here: K-factors (x L2 /x LI ) for glucose between 
the two liquid phases approach unity when the two liquid phases merge. Figure 4 shows a plot 
of all glucose K-factors from Biinz and this study against the water K-factor in glucose + 
2-propanol + water + carbon dioxide systems. The points lie on one straight line through the 
critical points where the phases of interest merge (K glucose =K wa[er =l). From this empirical 
relationship K glucose - K water 24 for the glucose+2-propanol+water+carbon dioxide system, the 
glucose mole fractions in the vapor phase of our experiments can be estimated based on the 
water K-factor y/x L1 and the glucose fraction in LI. y/x L2 -K-factor pairs glucose-water then 
automatically come to lie near the same line. In addition to the experimentally determined K- 
factors (x L2 /x L1 , solid symbols: •, ■) these extrapolated K-factors (y/x L1 and y/x L2 ) of 
glucose are plotted in Figure 4 against the experimentally determined K-factors of water for 
the 2-propanol (O) and acetone (□) containing systems. Glucose K-factors in the acetone 
systems lie systematically lower than in the 2-propanol systems indicating 2-propanol is a 
better modifier for glucose + water + carbon dioxide systems. This is not unexpected because 
of chemical similarity of 2-propanol and glucose due to the hydroxy groups and because pure 
acetone is a poor solvent for glucose. 



ie+oo 
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IE-02 
IE-03 
IE-04 
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IE-06 
IE-07 
IE-08 


K(Water) 



Pressure [MPa] 


Figure 4. • = Experimentally determined 
x' -/x L1 of VLLE in glucose + 2-propanol + 
water + carbon dioxide systems here and y/x 
of VLE 10 , ■ = exp. determined x L2 /x L1 of 
VLLE in glucose + acetone + water + carbon 
dioxide systems, O, □ = extrapolated y/x L1 
and y/x L2 of VLLE in systems with 2-propanol 
and acetone 


Figure 5. Separation factors between 
different carbohydrates ( □ = xylose, O 
= fructose, V = glucose ) and maltose in 
the xylose + fructose + glucose + 
maltose + saccharose + 2-propanol + 
water + carbon dioxide system at 343.15 
K and different pressures 12 . 


The well-known disadvantage of performing separations in the vicinity of the critical point 
where the phases of interest become identical, is, that the separation factors (a ab =K a /K b ) 
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between compounds to separate approach unity in the vicinity of the critical point. Our data 12 
for carbohydrate separation between LI and L2 in the glucose+fructose+xylose+saccharose+ 
maltose+2-propanol+water+carbon dioxide system also show this (Figure 5), enforcing a 
higher number of theoretical plates for the separation and minimizing the benefit of high 
carbohydrate solubility in the upper liquid phase 


5. CONCLUSIONS 

Phase compositions of VLLE in the systems glucose + acetone + water + carbon dioxide 
and carbohydrates + 2-propanol + water + carbon dioxide have been determined 
experimentally. Like for VLE of related systems from literature, the carbohydrate solubility in a 
phase rises when the phase becomes more similar to the water-rich lower liquid phase. At the 
same time separation of different carbohydrates becomes more difficult because selectivity 
decreases. Theoretically based models can help to find an optimum of capacity and selectivity 
and to minimize the number of necessary experiments. A simple model based on the Soave- 
Redlich-Kwong EOS which can reproduce glucose partitioning between the two liquid phases 
in VLLE in the glucose + acetone + water + carbon dioxide system is presented. 2-Propanol is 
shown to be a better modifier for these systems than acetone, but denaturation of 
carbohydrates in the carbohydrate + 2-propanol + water + carbon dioxide system limits 
industrial applications. 
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THE FRACTIONATION OF HIGH MOLECULAR WEIGHT ALKANE 
MIXTURES WITH SUPERCRITICAL FLUIDS 

I. Nieuwoudt 

Department of Chemical Engineering, University of Stellenbosch, Stellenbosch, 7599, 
South Africa 


SUMMARY 

In this study it was shown that propane or mixtures of propane and butane may be used 
as supercritical solvents to fractionate mixtures of high molecular weight alkanes. By using 
an optimum reflux ratio, selectivities better than that of molecular distillation can be 
obtained. It was also found that for the system in this study, the operating costs of a 
supercritical extraction unit may be marginally lower than that of a molecular distillation 
unit. 


1. INTRODUCTION 

Alkane mixtures of high polydispersity can be used in many applications, but markets 
also exist for alkane fractions with low polydispersity. These include markets such as ink, 
varnish and hot melt adhesive applications and thermostat wax. In the past alkane fractions 
were produced by means of liquid-liquid extraction and solvent crystallization. The lack of 
sharpness of the fractions as well as the residual solvents in the products counted against 
these processes. More recently molecular distillation was used to fractionate alkane 
mixtures, but high operating temperatures limit the molecular weight of distillate that can 
be produced. The aim of this study was to develop a process to produce alkane fractions 
with lower polydispersity than that of competing technologies. The low operating 
temperatures used in supercritical extraction makes it particularly attractive for the 
fractionation of heat labile substances of low volatility. 


2. PHASE EQUILIBRIUM MEASUREMENTS AND MODELLING 

Although C0 2 is the most common solvent for supercritical extraction processes because 
of it's abundance, non-toxicity and non-flammability, other compounds may prove to be 
better solvents in certain instances. In choosing a solvent, a balance between solubility and 
selectivity has to be struck. In the case of solutes with a melting point well below the 
decomposition temperature, it is usually desirable to perform a liquid-supercritical fluid 
extraction to circumvent the problems associated with handling solids at high pressures. In 
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this case it makes sense to choose a solvent with a critical temperature close to the cloud 
point of the solute to prevent congealing problems. The difference between the solvent's 
critical temperature and the solutes' cloud point will be dictated by the balance between 
solubility and selectivity. In this study the solutes were Tetrapentacontane(n- c 54 h 110 , 
melting point w 95 °C) and Hexacontane(n-C 60 H ]22 , melting point * 98°C). Propane with 
a critical temperature of 96.8°C or LPG (inexpensive mixtures of propane, iso-butane and 
n-butane) were considered to be the most appropriate solvents. With only one data set of 
relevance to this study available in the literature [1], a variable volume equilibrium cell was 
used to measure vapour-liquid equilibrium and density data for model binary systems. A 
schematic diagram of the cell is shown in figure 1. 



Figure 1. Variable volume equilibrium cell 

The experimental procedure was described in a previous publication [2]. Data sets were 
measured for the following systems: n-Butane + Tetrapentacontane, n-Butane + 
Hexacontane, LPG(n-Butane rich) + Hexacontane and LPG(Propane rich) + 
Tetrapentacontane. The first three data sets were reported previously[2,3]. The vapour- 
liquid equilibria and density data for the system LPG + Tetrapentacontane is shown in 
figures 2 and 3 respectively. The composition of the propane rich LPG used in the LPG + 
Tetrapentacontane measurements, as determined with capillary GC with an FID detector, is 
shown in table 1. 

Table 1 


Composition of Propane rich LPG 


Component 

Mass % 

Propane 

93.1 

iso-Butane 

3.9 

n-Butane 

2.1 

Butene isomers 

0.9 
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Figure 2. Vapour-liquid equilibria for the Figure 3. Density data for 

system LPG + Tetrapentacontane equilibrium mixtures of 

LPG + Tetrapentacontane 

From figure 2 and 3 it can be seen that the vapour phase contains a significant amount of 
the solute and that the density difference between the liquid and vapour is adequate. 

Although equations of state based on statistical mechanics, like the Perturbed Hard Chain 
and Chain of Rotators equations of state are good at predicting phase equilibria at conditions 
far from the critical point of mixtures, a critical evaluation of six of these type of equations 
of state showed that they are rather inaccurate in the mixture critical region[3]. Satisfactory 
correlation of the data is obtained with a Peng Robinson equation of state using two 
interaction parameters per binary as proposed by Shibata and Sandler[4], The correlations 
of Huang[5] were used for the pure component parameters. 


RT _ _a(T)_ 

u - b u(u + b) + b(u - b) 


« = [l + m(u)(l - T ^)] 2 


m(o>) = 0.379642 + 1.48503 o - 0.164423 to 2 + 0.016666 to 3 


( 3 ) 
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Following Twu et al [6] and Johnston et al [7] and simulation packages such as PRO II, the 
interaction parameter will be allowed to vary with temperature to account for some of the 
inaccuracies in the equation of state: 


ky = ky 0 + ky T(°C) 


( 8 ) 


It is also assumed that, in the case of n-alkane mixtures, the kjj-values are independent of 
the chain length of component j. Dimitrelis and Prausnitz[8] showed that there is a 
systematic deviation from the Carnahan and Starling[9] repulsive term as the difference in 
molecular size between two molecules increase. It is thus expected that the value of the 
interaction parameter l y will be related to the difference in size between the two molecules. 
It is assumed that the value of l y will approach a constant value when this difference 
becomes large. The interaction parameters for propane and n-butane were found by fitting 
this equation of state to the data mentioned above. The parameters are shown in table 2: 

Table 2 


Binary Interaction parameters for the supercritical solvents with Tetrapentacontane and 
Hexacontane 


Component 

k 0 

K .j 

k 1 

K ij 

k 

Propane 

0.0119 

4.0 x 10' 5 

0.102 

i-Butane 

0.0446 

2.3 x 10" 1 

0.126 

n-Butane 

0.0615 

3.3 x 10- 4 

0.139 


Since the concentration of i-Butane in commercially available LPG is generally low, it was 
assumed that the binary interaction parameters between l-butane and the high molecular 
weight n-alkanes can be estimated by interpolation between that of propane and n-butane. 
This model and interaction parameters must not be misconstrued as being an attempt at 
proposing a fundamental model. It must merely be seen as an empirical fit to the data that 
enables us to do multi-stage calculations for these systems. The fit of this model to the 
Propane + Hexacontane data of Peters et al[l] and the n-Butane + Tetrapentacontane data 
of the author[2] are shown in figures 4 and 5, Reasonable agreement between the 
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agreement between the experimental data and the equation of state was obtained. This 
model was incorporated in a countercurrent extraction simulation. 


90 
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70 
65 

Pressure 
bar 60 
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40 

0 10 20 30 40 5 0 60 70 

Mass percent Tetrapentacontane 



Mass percent Hexacontane 



Figure 4. Vapour-liquid equilibria for the 
system n-Butane + Tetrapentacontane at 
180 °C [2] 

Solid line: Peng Robinson EOS 


Figure 5. Vapour-liquid equilibria 
for the system Propane + 
Hexacontane at 146.9 °C [1] 

Solid line: Peng Robinson EOS 


3. COUNTERCURRENT FRACTIONATION OF ALKANE MIXTURES 

As was pointed out earlier, molecular distillation is normally used to fractionate mixtures 
of components of very low volatility It is proposed that a supercritical fractionation process, 
as schematically shown in figure 6, can be used to produce fractions superior to that of 
molecular distillation In order to test this, a molecular distillation model must be used. As 
a first approximation, the molecular distillation of high molecular weight alkanes is viewed 
as a simple flash. The vapour pressure data of Kudchadker et al[ 10] was used in the flash 
calculations. 
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Figure 6. Countercurrent supercritical fractionation with reflux 

As an example, 50 mass % of a feed, consisting of 50 mole% Tetrapentacontane and 50 
mol% Hexacontane, was flashed off. The operating conditions were 20 Pa and 300°C. A 
selectivity for this separation is defined as follows: 

_ X i,dist / X i,bot 
x j,dia / x j,bot 

In the case of a flash this is simply the K-value. In this example, a K-value of 1.98 was 
obtained. The selectivities of the proposed supercritical extraction process will be compared 
with this value. 

In order to make a comparison, a countercurrent supercritical extraction column with 12 
theoretical stages and a solvent to feed ratio of 15:1 was used in the simulations. An 
extraction temperature of 115°C was used in all the simulations. Countercurrent extraction 
without reflux yielded a selectivity of 1.8. This means that countercurrent extraction without 
reflux will not be able to match the selectivity of molecular distillation. In the cases with 
reflux, 6 stages above and 6 stages below the alkane feed point was used. In using reflux, 
there are two opposing forces: In general a higher reflux ratio will give better separation, but 
in order to keep the extract at 50 mass% of the feed at these higher reflux ratios, the pressure 
has to increase to increase the solubility. At higher pressures the selectivity is adversely 
affected as was also found by de Haan[l 1], This means that an optimum reflux ratio exists. 
This is illustrated in figure 7. In this example, the optimum reflux ratio is 2.15, giving a 
selectivity of 2.45. If the number of theoretical stages is increased from 12 to 20 at a reflux 
ratio of 2.15, a selectivity of 2.80 is predicted. 

Calculations have also shown that the operating costs of a this supercritical fractionation unit 
may be marginally lower than that of a molecular distillation unit. 
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Figure 7. Selectivity as a function of reflux ratio for a supercritical propane extraction unit. 
Feed is an equimolar mixture of Tetrapentacontane and Hexacontane. Residue is 50 mass% 
of the feed. Solvent to feed ratio =15:1 Number of theoretical stages = 12 
Temperature = 115°C 



4. CONCLUSIONS 

Supercritical fractionation of high molecular weight alkane mixtures with propane or LPG 
may be used to produce products with lower polydispersity that that of molecular distillation. 
Operating temperatures just above the cloud point of the mixtures can be used compared to 
the high temperatures needed in molecular distillation. It was also shown that an optimum 
reflux ratio exists for every set of operating conditions. For this system it was also found that 
the operating costs of a supercritical fraction unit is marginally less than that of a molecular 
distillation unit. 


LIST OF SYMBOLS 

a Defined in equation 2 

a Energy parameter in Peng Robinson equation of state (Nm 4 /mol : ) 

b Co-volume parameter in Peng Robinson equation of state (m 3 /mol) 

k Binary interaction coefficient for energy parameter in Peng Robinson equation of state 
1 Binary interaction coefficient for co-volume parameter in Peng 

Robinson equation of state 
m Defined in equation 3 

P Pressure (Pa) 

R Universal gas constant (J/mol/K) 

S Selectivity defined in equation 9 

T Temperature (K) 

u Molar volume (m 3 /mol) 

x Mole fraction 
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SUBSCRIPTS 

1 Component i 

j Component j 

R Reduced conditions 

dist Distillate 

bot Bottom product 
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Separation of Multicomponent Mixtures of Fatty Acid Ethyl Esters from Fishoil 
by Countercurrent SFE 

C. Tiegs a , V. Riha b , G. Brunner b and K. Steiner a 

a F. Hoffmann-La Roche Ltd..Vitamins & Fine Chemicals Division, High Pressure Center, CH- 
4070 Basel, Switzerland 

hTechnische Universitat Hamburg-Harburg, Eissendorfer Strasse 38, D-21071 Hamburg 

A trend to an enrichment of active substances on a high concentration level out of natural 
products can be noticed in the recent years. Attention is paid to the added value as well as to 
the stability of the product. A disadvantageous treatment of thermolabile compounds may 
cause a cracking or oxidation of the product. In many cases extraction with compressed gases 
(e.g. with CO 2 ) will match the requirements, set by the above mentioned trend. 

This paper demonstrates the purification of fatty acid ethyl esters , FAEE, due to their chain 
length. 

1. INTRODUCTION 

Since the publication of Bang and Dyerberg (1971) on coronary heart disease of Eskimos more 
attention was paid to the influence of polyunsaturated fatty acids (PUFA) on health. 
Meanwhile a lot of publications dealing with the benefits of PUFA application are available. 
Along with this knowledge an increasing interest for suitable commercial processes to recover 
PUFAs in concentrated forms can be monitored. To overcome some disadvantages of 
conventional methods such as n-hexane extraction or vacuum distillation, an extraction with 
supercritical carbon dioxide (SC-CO 2 ) in a counter current multistage high pressure column 
was tested. The method is suitable for separation due to chain length. The high-value 
substances EPA and DHA are enriched in their chain length fraction. Nilsson (1988). SC-CO 2 
as a non toxic and inflammable extraction solvent offers the advantage for fractionation and 
recovery at moderate temperatures, Staby (1993). 

For the production of EPA- resp. DHA-rich fractions three runs at different extraction 
conditions which split between C18 / C20, C20 / C22 and C22 / >C24 are necessary. 

In this paper the first separation step between the Cl8- and the C20 chain length will be 
described. 

The separation analysis by established methods of McCabe -Thiele or Ponchon Savarit are 
compared with a flow sheeting program ASPEN+. It will be demonstrated, that a reliable scale 
-up is possible combining all these methods. 

The fishoil ethyl esters, used in all experiments are derived from sardine oil. Analysis was 
carried out with a Hewlett Packard 5890 Series II gas chromatograph with 30 m x 0,32 m ID 
Stabilwax column (Restek Corp., Bellefonte, PA), Riha et al. (1996). 
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2. EXPERIMENTAL SETUP 

The separation experiments were carried out in a pilot-plant column with an inner diameter of 
68 mm and an effective height of 12 m. Following the principle flow scheme in figure 1, feed 
(9) entering e.g. the middle of the separation column (1) is separated into top and bottom 
product. Top product is expanded (2) and passed through heat exchanger (3). Temperature 
and pressure in the separator (4) are adjusted to conditions, which gives liquid product and 

completely regenerated CO 2 . The C02-circle is 
closed by a compressor (6) and heat exchanger 
(7). Reflux is added to the top of column (1) 
with pump (8). System pressure in the 
extraction and separation part are controlled 
via back pressure valves (2) resp. (5). A second 
CO 2 circle is installed, which allows to 
recover nearly all dissolved CO 2 in the liquid 
products (not shown in figure 1). Column (1) 
and the upper part of the separator (4) are filled 
with wire mesh Sulzer packing, type CY. Each 
flange of the column is equipped with a special 
device for gas- resp. liquid sampling in order to 
monitor concentration profiles along the 
column. The experiments were carried out 
under isothermal and isobaric conditions. 
Typical experimental operation conditions are 
summarized in table 1. 

Table 1: Typical experimental operation 

conditions _ 

Temperature [K] 333 

Pressure [MPa] 14 - 16 

Raffinate m (feed) [kg/h] 2 - 2.5 

Figure 1: Principle flowscheme of pilot plant m ( so ' vent ) - [kg/h] 250 - 300 - 

3. PHASE EQUILIBRIUM 

Phase equilibrium measurements with supercritical SC-CO 2 as solvent were performed with a 
variable volume static cell, Riha 1996. Isotherms and partition coefficients were determined for 
13 oils. Each oil represents a separation product. 

The experimental data are correlated with equation of state models. The calculation of binary 
phase equilibrium data for FAEE is commonly based on the Peng-Robinson-equation-of-state, 
Yu et al. (1994). Up to now only the solubility of the oil components in the solvent has been 
subject of various studies. No attention was paid to a correlation of ternary data. The 
computation of ternary or multicomponent phase equilibrium is the basis to analyse and 
optimise the separation experiments. 
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Table 2: Equations for the phase equilibrium correlation 


Peng- 

Robinson 
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Basically the distribution of a 
component between the two 
phases is a function of the chain 
length. Therefore components 
with an identical chain length and 
a variation between their degree 
of saturation are lumped together 
into one pseudo component. This 
procedures gives an opportunity 
to monitor and describe the phase 
equilibrium behaviour. 

In a first step the ternary phase 
equilibrium is calculated using the 
Peng-Robinson-equation-of-state, 
Table 2. All components with a 
volatility higher or equal C18 are 
lumped into one pseudo 

component, HVC, while all 
components that tend to enrich in 
the liquid phase form the Low- 

Volatile pseudo Component, 

LVC. The emphasis 
of the computation 
lies on a correct 
interpretation of the 
phase composition. 
Therefore attention 
has to be paid to the 
solubility as well as to 
the partition coef¬ 
ficient, Kj, between 
the oil components 
HVC and LVC. 

Table 3 lists the critical data used for the computation. The physical data for HVC is equal to 
Cl8 and for LVC to C20. 


Table 3: 

Physical data of the pseudo components 

Pseudo M 

component [g/mol] 

t b 

[K] 

T C 

[K] 

PC 

[MPa] 

CO 

H 

co 2 

44.01 

194.7 

304.2 

7.38 

0.239 

LVC 

309 

637.7 

787.3 

1.18 

0.945 

HVC 

331 

656.9 

802.1 

1.09 

1.044 


Table 4: Results for the binary interaction parameters and the 


ii 

r 

k h 


12 

-1.59E-3 

2.70E-1 

AAD-x 

8.10E-3 

13 

-2.13E-4 

-5.89E-1 

AAD-y 

1.24E-3 

21 

-1.83E-4 

9.21E-2 

AAD-Ki-LVC 

2.29E-2 

23 

-1.57E-4 

-1.35E-2 

AAD-Ki-HVC 

2.08E-2 

31 

3.44E-4 

-1.03E-1 



32 

-1.24E-4 

-1.42E-2 





Figure 2: Measured and calculated phase 
equilibrium at T = 333 K and p = 14 MPa 



Figure 3: Selective enlargement of the vapour 
phase 
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The good agreement between experimental and calculated values is pointed out by the average 
absolute deviation, AAD. The results demonstrate the possibility to compute the solubility as 
well as the partition coefficients with the Peng-Robinson-equation of state and a mixing rule 
with two interaction parameters. 


Table 4 shows the results for a 
regression to 209 data points. 
Figure 2 and 3 are plots of the 
phase equilibrium calculations at 
T = 333 K and p = 14 MPa. The 
tie lines in Figure 2 represent the 
measured values. The 
implementation of an additional 
term into the objective function 
improves drastically the results for 
the Kj-values. 

Hence it is possible to compute the 
ternary phase equilibrium data 
with a equation of state. The effort 

to transfer these results to a multi- 
Figure 4: Correlation between the partition coefficient for component system is tedious. 

the pseudo components versus the molecular weight of the Therefore a simple empirical 
mixture model is used to correlate the 

partition coefficient as a function of the composition. The partition coefficient Kj of a pseudo 
component has been found to be a function of the molecular weight, Riha 1996. 



4. SEPARATION 


The parameters for the separation were varied in the range given in table 1. The results of one 
experiment are presented in table 5. The solvent mass flow in this case was 300 kg/h with a 


Table 5 


reflux of 11.6 kg/h. A proper separation 
between the Cl8 and C20 component is 
obvious. According to the aim, the quality 
of the extract is 96 % while for the 
raffinate it is 99%. This confirms the 
possibility to separate FAEE with 
supercritical CO 2 according to the chain 
length. 

It also points out the high standard of this 
technique. Compared to literature data the 
mass flow is considerably high. A yield of 93 % at a purity of 99 % related to the C20 and C22 
fraction in the raffinate indicates a promising start point for a scale-up. 




Extract 

Feed 

Raffinate 

m 

[kg/h] 

1.60 

2.40 

0.80 

C14 

[wt.-%] 

12.6 

8.4 

0 

C16 

[wt.-%] 

50.5 

33.7 

0 

C18 

[wt.-%] 

32.9 

22.3 

1.0 

C20 

[wt.-%] 

4.0 

21.2 

55.8 

C22 

[wt.-%] 

0 

14.4 

43.2 


4.1 Modelling the separation 

Established methods like McCabe-Thiele or Ponchon-Savarit may be used to compute the 
number of theoretical stages for a given separation. Both methods are limited to a binary 
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system in respect to the involved oil components. This 
case is identical to the ternary phase equilibrium 
computation mentioned above. The separation of a real 
fishoil system is connected to the separation of directly 
adjacent pseudo components. In our case this is the 
separation between the Cl8 and the C20 component. 
The separation factor a as the ratio between the Ki- 
values for these components 
assumes a minimum value. A 



Phase composition [wt.-%] 


dependence of the separation 
factor on the molecular weight 
could be observed. An average 
value of a = 1.33 can be taken to 
model the separation. The phase 
boundary- and tie-lines for the 
Ponchon-Savarit-method are 
calculated with the results from 
the ternary phase equilibrium 
study. Table 6 lists the calculated 
number of theoretical stages, 
NTU, and the resulting height for 
one theoretical plate, HETP. An 
efficiency equal to one was 
assumed for each theoretical 
plate. 

The simulation of a multi- 
component system was done with 
the flow sheeting program 
Aspen+. An external routine 
replaced the internal Kj- 
calculation with a fit function 
through the experimental Re¬ 
values as given in figure 4. The 
multistage column was split into a 
cascade of flash modules. Each 
module is connected to two other 


Figure 5: Measured and with Aspen+ calculated column ™ odu l es f o llo wmg the theory of a 
* r ~ r theoretical separation unit. The 

profile for five pseudo components separator at the top of the column 

is represented by a split module. Aspen+ iterates until all mass balances and phase equilibrium 
conditions are fulfilled. Energy balances are neglected. The obtained results have to be 
compared with the experiments. Solving the problem with Aspen-i- takes the number of 
theoretical stages as a input value. Therefore the determined value is the result of an iterative 
procedure and no exact value compared to both other methods, table 6. A comparison between 
the measured and calculated multicomponent column profile fixed the NTU-value close to 45 
stages. Figure 5 sketches the result for the Aspen-i- method. 

All three methods lead to similar results. An average value of 40 plates with a height of 0.3 m 
can be assumed to describe the separation correct. These results are the basis to optimise the 
experiments and for some straight forward scale-up ideas. 


5. Optimisation and Scaie-Up 

The optimisation is based on the Aspen-i- model. In this case the NTU-value is fixed at 45 
theoretical plates. Since the throughput is limited by the hydrodynamic, Riha et al. 1996, a 
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variation in the reflux ratio directly affects the feed mass flow. Table 7 gives the results for 
three calculations at optimum conditions in respect to the extract and raffinate mass flow. 

Table 7: Optimisation of reflux ratio and scale-up _ A second optimisation 


Variation 


Reflux ratio 


NTU 


procedure fixes the mass 

NTU 

N 

45 

45 

45 

30 

45 

60 

balance to the experimental 

Extract 

[kg/h] 

1.3 

1.5 

1.9 

1.6 

1.6 

1.6 

results and investigates the 

Feed 

tkg/h] 

2.0 

2.4 

3.0 

2.4 

2.4 

2.4 

influence of the NTU-value 

Raffinate 

[kg/h] 

0.7 

0.9 

1.1 

0.8 

0.8 

0.8 

on the product quality. 

Reflux ratio 

[-] 

9.4 

7.9 

6.1 

7.2 

7.2 

7.2 

Figure 6 shows both results 

HVC-Extract [%] 

98.0 

97.4 

96.0 

93.0 

94.4 

95.0 

graphically. 

HVC-Raffinate f %1 

2.9 

4.1 

6.8 

5.1 

2.1 

0.8 

It is evident that an increase 


in the reflux ratio improves 
the product quality and 
simultaneously reduces the 
overall FAEE throughput. On 
the other hand the number of 
theoretical transfer units 
dominates the influence of the 
reflux ratio. A theoretical 
column heightening of 1/3 leads 
to a product purity of over 
99.2 % with a yield of 93 %. 

An improvement with respect to 
the yield requires an optimum 
mass distribution between both 
product streams as shown in the 
variation of the reflux ratio. 
Products with a purity of 99 % 
and a probable yield of more 
than 95 % should be possible 
Figure 6: Influence of the reflux ratio and NTU-value on the with an optimised continuous 

product quality counter current separation and 

SC-CO 2 as solvent. Therefore attention has to be paid to the column height and the reflux 
ratio as well as to an optimum mass balance. 
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1. INTRODUCTION 

Cocoa butter (CB) is unique among vegetable fats because of its composition and crystallization 
behavior. It is present in chocolate at levels up to 40%, and in exceptional cases even higher. The 
hardness of CB has a major effect on chocolate characteristics. CB hardness and crystallization 
behavior depend on a number of factors, such as processing, origin, seasonal and climatic 
conditions. Generally, CB made up from a mixture of cocoas of different origin is used in 
chocolate processing to minimize this variability. It is, therefore, possible to achieve the desired 
consistency by blending hard and soft CBs, but this means that one always has to have a stock of 
different CBs on hand. This can be a big problem, specially for the North American market, due 
to the preponderance of soft South American CBs and hot summer conditions leading to shorter 
product life [1], Fractionation of CB offers a feasible approach to this problem, e.g. stearins of 
soft Brazilian CB would have the same properties as a hard Malaysian CB. Common 
fractionation techniques include melt crystallization with or without solvents. Weyland [1] 
fractionated different CBs into a stearin and an olein fraction, but did not indicate processing 
conditions or yields of the fractions obtained except that they showed differences in composition 
and solid fat contents (SFC). Traitler et al. [2] fractionated CB into two fractions using hexane as 
a solvent. The stearin fraction had a composition very similar to CB but the olein fraction was 
significantly different. 

Based on its ability to enhance solvating power by increasing fluid density, supercritical fluid 
extraction offers an attractive alternative for fractionation of fats and oils. It works by the 
phenomena of selective distillation and simultaneous extraction, as has been shown by many 
researchers [3-5]. While the use of supercritical fluids in the extraction of numerous biomaterials 
has been reported, its commercialization has been limited to the decaffeination of coffee and tea 
and to the extraction of flavors from hops and spices. The chemical complexity of most food 
ingredients and their tendency to react and degrade at elevated temperatures, emphasize the 
difficulties of supercritical solvent selection. Carbon dioxide is the preferred supercritical solvent 
(its properties have previously been cited [6]). 

The possibility of CB fractionation with supercritical carbon dioxide (SC-C0 2 ) has not yet been 
fully explored. Coenen & Kriegel [7] claimed that fats can be fractionated using SC-C0 2 without 
giving examples. Rossi et al. [8] only observed minor changes in the triacylglycerol 
compositions of fats extracted from cocoa nibs and shells as a function of time, temperature and 
pressure. A real fractionation of the fat, however, was not achieved. 

This study is a preliminary investigation for evaluating the possibility of fractionating CB with 
SC-C0 2 . 
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2. FRACTIONATION METHODS 

2.1. Supercritical carbon dioxide fractionation 

A pure prime pressed CB was supplied by De Zaan B.V., Koog aan de Zaan, NL. Two different 
SC-C0 2 systems were used. A static recirculation system allowed the equilibrium solubility of 
CB in SC-C0 2 to be measured following the procedure of Yu et al. [9]. Equilibrium 
measurements were performed at two different pressures and constant temperature, with and 
without ethanol as an entrainer. Fractionation of CB was carried out on a continuous pilot-scale 
SC-C0 2 system as shown in Figure 1. The system consists of a packed column (6) and four 
separation vessels (S1-S4). The column was packed with SS 304 Goodloe knitted mesh packing 
(Glitsch Inc., Dallas TX, USA) and was 1.8 m long and 4.9 cm in internal diameter with six 
inlet/outlet ports. The column was operated in countercurrent mode with CB being fed to the 
center of the column and C0 2 to the bottom. The packed column and the separators were 
equipped with sampling valves and heating jackets. A positive displacement reciprocating pump 
(maximum flow rate: 113 1/h) was used to compress the gas to the desired operating pressure. 
Pressure in the system was maintained with the help of back pressure regulators. The CB and 
C0 2 flow rates were monitored by rotameters. 

The SC-C0 2 with the dissolved fat passes into the first separation vessel, S2, through a pressure 
reduction valve. Those triacylglycerols becoming insoluble at the reduced pressure precipitate in 
the separation vessel. The mother liquor passes to the next vessel S3. By again reducing the 
pressure the remaining triacylglycerols are precipitated. The volumetric flow rate of C0 2 was 
measured by a dry test meter before venting it to the atmosphere. The raffinate, which is removed 
at S1, represented those triacylglycerols insoluble in SC-C0 2 at the pressure, temperature, and 
solvent-to-feed ratio in the extraction column. 

Data were collected periodically for feed and solvent flow rates and amount of fractions from 
each separator and raffinate. A material balance check was performed at the end of each run. If 
the material balance was more than 90%, the samples were analyzed. The packed column was 
considered to be in steady state when the amount of fractions and flow rates (solvent and feed) 
obtained were constant for three successive time intervals. A typical ran required one hour to 
reach steady state. 

2.2. Melt Crystallization 

Melt crystallization (MC) fractions, which were prepared according to Traitler et al. [2], were 
obtained from Sofinol S. A., Manno, CH. Using hexane as solvent two fractions were obtained. 
Fractionation was performed at -20 °C and the ratio of CB to hexane was 1:5 w/v. 


3. ANALYSES 

Triacylglycerol composition was analyzed by GLC (GLC 8000, Carlo Erba Instruments, 
Rodano/MI, I). The fats were dissolved in hexane and directly injected onto a 10 m x 0.32 mm 
Permabond OV-l-DF-0.10 column (Macherey-Nagel, Diiren, D). Oven program: 80 °C 2 min 
iso, 5 °C/min to 200 °C, 1 min iso, 5 °C/min to 310 °C and 17 min iso. Carrier gas: hydrogen. 
Fatty acid composition was determined by GLC analyses of the fatty acid methyl esters using a 
30 m x 0.25 mm DB-WAX column, film thickness: 0.25 (im (J&W Scientific, Folsom CA, 
USA). GC: HR5160 Mega Series, Carlo Erba Instruments, Rodano/MI, I. Oven program: 40 °C 
2 min iso, 15 °C/min to 145 °C, 1 min iso, 3 °C/min to 195 °C, 5 °C/min to 220 °C, 20 min. 
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Carrier gas: hydrogen. Solid fat content of the samples, which were tempered according to 
IUPAC method 2.150 procedure 6.3.2 [10], was measured by low resolution pulsed NMR 
(minispec pc20, Bruker Physik AG, Karlsruhe-Forchheim, D). Measurements were done using 
the direct method (RD 2 and ENH 1). Thermal profiles of the fats were measured by Differential 
Scanning Calorimetry (DSC) using a DSC-7 (Perkin Elmer, Rotkreuz, CH). Measuring program: 
melting at 60 °C, 5 min iso, cooling to -50 °C at 5 °C/min, 5 min iso, reheating to 60 °C at 
5 °C/min. 


4. RESULTS AND DISCUSSION 
4.1 Solubility and operating conditions 

Initial experiments were done on the static system to find the equilibrium solubility of CB in SC- 
C0 2 at different pressures. At 19.3 MPa/40 °C the solubility of CB was 0.46 wt% which 
increased with pressure to 0.59 wt% at 24.1 MPa/40 °C. It has been shown that the solubility of 
fats and oils in SC-C0 2 is strongly correlated to C0 2 density, which increases with pressure at 
constant temperature [9]. CB is a simple fat as compared to other fats and oils in terms of its 
composition. It mainly contains three triacylglycerols (carbon number ranging from C50-C54) 
which make upto 98% of the total triacylglycerols and hence has a low solubility compared to 
other fats and oils, e. g. milk fat. To improve CB solubility at 24.1 °MPa/40 °C, ethanol at 
different concentrations was used as an entrainer. Solubility increased more than two-fold with 
increasing ethanol concentration, but there was no improvement in selectivity as seen in Table 1, 
i.e. the vapor phase did not show any significant changes in composition. 


Table 1 

Equilibrium solubility and composition of CB in SC-C0 2 at 40 °C 


Pressure (MPa) 


23.2 


24.7 


24.9 


Ethanol (wt%) 


None 


5 


12 


Solubility (wt%) 


0.59 


1.18 


1.54 


Triacylglycerols: 

CB 

Vapor 

Liquid 

Vapor 

Liquid 

Vapor 

Liquid 

C50 

20.5 

25.7 

19.9 

26.4 

20.2 

25.2 

19.9 

C52 

47.0 

47.6 

46.8 

47.5 

46.6 

47.2 

47.3 

C54 

30.9 

25.6 

31.8 

24.7 

30.5 

26.2 

31.2 

Others 

1.6 

1.1 

1.5 

1.4 

2.6 

1.3 

1.7 


CB could be fractionated into 3 fractions on the continuous pilot-scale system without ethanol. 
Table 2 shows experimental conditions and yields of the fractions obtained. Trials were run at 
24.1 MPa and 40 °C and the solvent-to-feed ratio (S/F) was 116-120. The S/F ratio was chosen 
based on our work with milk fat. The optimum S/F for fractionation of milk fat at the same 
temperature and pressure was 55-60 [4], Composition of CB is significantly different from that 
of milk fat. Twice the S/F ratio as that for milk fat was used. The solubility of CB in SC-C0 2 
under the given extraction conditions was 0.58 wt%. As mentioned earlier, CB solubility is low 
in SC-C0 2 compared to other fats and oils, e.g. milk fat has an equilibrium solubility of 2.1 wt% 
at 24.1 MPa/40 °C. 
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4.2. Chemical and physical properties 

Table 3 shows the fatty acid composition of the CB fractions from SC-C0 2 and MC techniques. 
The extract from SC-C0 2 was split into two fractions, oleinl and olein2, whereas only one olein 
was obtained from MC. The main difference between the two techniques is seen in the 
distribution of saturated fatty acids. The MC olein had a low concentration of palmitic and 
stearic acids while the SC-C0 2 stearin had a high concentration of the same. MC fractionation is 
based on melting points of the triacylglycerols whereas SC-C0 2 fractionation is based on 
molecular weight, degree of unsaturation and polarity. The MC olein had a high concentration of 
unsaturated fatty acids, but the SC-C0 2 fractions did not show any change in the unsaturated 
fatty acid concentration. 


Table 2 

Operating conditions for CB fractionation with SC-C0 2 


Parameters 

CB 

Stearin 

Olein 1 


Olein 2 



(Raffinate) 

(Separator 1) (Separator 2) 

Pressure (MPa) 

24.1 

24.1 


17.2 


6.9 

Temperature (°C) 

40 

40 


50 


60 

Yield (wt%) 

100 

30 


31 


39 

Table 3 







Fatty acid distribution for CB fractions by GLC 





Fatty acids 

Melt Crystallization: 

CB 

Stearin 

Olein 1 


Olein 2 


C16:0 

25.2 

24.4 

21.0 


N/A*) 


C18:0 

35.3 

34.9 

19.9 


N/A 


C18:1 

33.5 

34.2 

43.0 


N/A 


C18:2 

3.0 

2.5 

11.4 


N/A 


SC-C0 2 : 

C16:0 

25.2 

20.0 

27.9 


28.0 


C18:0 

35.3 

41.0 

33.1 


31.9 


C18:1 

33.5 

33.5 

33.8 


33.5 


C18:2 

3.0 

2.5 

3.0 


3.0 



*): only one olein was obtained from melt crystallization 


Table 4 shows the triacylglycerol distribution for the CB fractions from the two techniques. 
Triacylglycerols of carbon numbers C50 and C52 decrease in the MC olein whereas the opposite 
is true for SC-C0 2 where the stearin has a higher concentration of these triacylglycerols. The SC- 
C0 2 stearin was significantly different, the two oleins, however, had almost similar compositions 
when compared to the feed. The opposite was found for MC fractions. 

Figure 2 shows the SFC profiles for CB fractions from the two techniques. The SFC profiles for 
the SC-C0 2 oleins are not shown here. The SC-C0 2 oleinl had a similar, however, olein2 had 
lower SFC values when compared to CB. The SC-C0 2 stearin had significantly higher SFC 
values when compared to CB. The MC stearin showed SFC values very similar to these of CB, 
but the olein fraction had significantly lower SFC values. The higher saturated fat content of the 
SC-C0 2 stearin was also reflected in the SFC data. 
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Figure 3 shows the DSC curves for CB, the SC-C0 2 stearin and oleinl. The fractions showed a 
single peak similar to that of CB but the stearin peak showed a slight shift to the right indicating 
a higher melting point. DSC measurements were not done on the MC fractions. 


Table 4 

Triacylglycerol distribution for CB fractions by GLC 


Triacylglycerol 

Melt Crystallization: 

CB 

Stearin 

Olein 1 

Olein 2 

C48 

0.3 

0.2 

0.2 

N/A *) 

C50 

18.1 

16.9 

14.6 

N/A 

C52 

46.5 

45.7 

40.5 

N/A 

C54 

33.8 

35.3 

42.3 

N/A 

C56 

SC-C0 2 : 

1.4 

2.0 

2.4 

N/A 

C48 

0.3 

- 

0.4 

0.5 

C50 

18.1 

11.2 

21.4 

21.8 

C52 

46.5 

43.0 

48.2 

47.7 

C54 

33.8 

43.2 

29.0 

29.1 

C56 

1.4 

2.6 

0.9 

0.8 


*): only one olein was obtained from melt crystallization 


CONCLUSIONS 

This study shows that it is possible to fractionate CB with SC-C0 2 . The SC-C0 2 stearin shows 
differences in both physical and chemical properties, i. e. increased hardness, whereas the SC- 
C0 2 olein is very similar to CB. Composition of the fractions obtained is dependent on process 
parameters. Further work is in progress to study the effect of different operating conditions and 
S/F ratios on yields and composition of the fractions, especially the olein fraction. 
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Fractionation of Citrus Oil by Cyclic Adsorption Process 
in Supercritical C0 2 
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A cyclic adsorption process for citrus oil processing in supercritical carbon 
dioxide (SC-C0 2 ) was studied with silica gel adsorbent. Based on the adsorption 
equilibrium properties, where adsorbed amounts decreased with the increase in 
the solvent density and oxygenated compounds were selectively adsorbed on silica 
gel, a continuous cyclic operation between the adsorption step at 8.8 MPa and 313 
K, and the desorption step at 19.4 MPa and 313 K was demonstrated Highly 
concentrated fraction of oxygenated compounds was continuously obtained for the 
desorption and blowdown step. The proposed system showed the feasibility of the 
continuous operation for citrus oil processing. 


1. INTRODUCTION 

The fractionation of citrus oil is an important subject in perfume industry. 
Citrus oil consists of terpenes (over 95 %), oxygenated compounds (less than 5 %), 
waxes, and pigments. Terpenes must be removed to stabilize the products and to 
dissolve it in aqueous solution. Terpenes are conventionally removed by distillation 
or solvent extraction, which involves higher temperature process resulting in 
thermal degradation of essential oil. Furthermore, nonvolatils such as waxes and 
pigments must be eliminated because of turbidity in the oil and phototoxic activity 
[ 1 - 2 ], 

Supercritical fluid extraction has been focused for the deterpenation of citrus oil 
as a lower temperature process [1-6], Coppella and Barton [4], Stahl and Gerard 
[5], and Temelli et al. [6] studied the extraction process for the removal of terpenes 
in citrus oil. However, the simple extraction process does not give sufficient 
selectivity and yield A continuous countercurrent extraction process is one of the 
method to achieve higher selectivity between terpenes and oxygenated compounds. 
Perre et al. [7] and Sato et al. [8] succesfully developed the continuous extraction 
process. 

Introducing adsorbents into a supercritical fluid extraction system is an 
alternative attractive method to improve the selectivity for the citrus oil 
processing. Several applications using silica gel as adsorbent have been reported 
in the last decade [1-3], Yamauchi and Saito [3] fractionated lemon peel oil into 3 
fractions with gradual increase in pressure by supercritical fluid chromatography, 
where terpene rich fraction, ester rich, and alcohol and aldehyde rich fraction were 
obtained at 10 MPa, 20 MPa, and 20 MPa with ethanol as a cosolvent, 
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respectively. Barth et al. [1] andChouchiet al. [2] also studied the fractionation of 
citrus peel oil by SC-C0 2 desorption at increasing pressure. They obtained high 
quality essential oil containing less terpenes and less nonvolatiles. These 
adsorption processes indicate oxygenated compounds could be selectively adsorbed 
on silica gel in SC-C0 2 and relatively higher pressure is required to desorbe them. 

Our objective is to develop the continuous adsorption process for citrus oil 
processing. In this work, the adsorption breakthrough curves and desorption 
curves were analyzed to understand the adsorption-desorption behavior of citrus 
oil on a silica gel adsorbent inSC-C0 2 . Acyclic adsorption-desorption process was 
developed and demonstrated for the removal of terpenes from orange oil. 


2. MATERIAL 

Silica gel for HPLC (Wakogel LC-50H, Wako Pure Chem.) of particle diameter 
of 50 mm was used as adsorbent and CO s was used as solvent. Cold-pressed 
orange oil from Brazil was used as raw material. The raw orange oil contained 
93.1 % of limonene, 0.68 % of linalool and over 200 other components, involving 
waxes and pigments. Limonene and linalool are principal constituents of terpene 
and oxygenated compounds in orange oil, respectively. Most of nonvolatiles such 
as waxes and pigments in raw orange oil were removed by decantation at 263 K 
and mixing step with C0 2 before introducing into adsorption column. 


3. ADSORPTION AND DESORPTION BEHAVIOR 

Adsorption equilibria is important fundamental property to design and develop 
the adsorption process. We have measured the adsorption equilibrium constant of 
limonene and linalool in SC-C0 2 by an impulse response technique [9], Figure 1 
shows the adsorption equilibrium constant at a temperature of 313 K - 333 K and 
a pressure of 11.8 MPa - 23.5 MPa. Linalool was adsorbed more selectively than 
limonene. Adsorption equilibrium constants were correlated linearly in log-log plot 
as a function of the density of SC-C0 2 independent of pressure and temperature. 
Adsorbed amounts decreased with the increase in the solvent density for both 
limonene and linalool. These results 
suggest the possibility of a process 
where oxygenated compounds are 
selectively adsorbed on the 
adsorbent at a lower pressure and 
then desorbed at a higher pressure. 

Adsortpion and desorption 
behavior of cold-pressed orange oil 
were measured at 313 K by using 
the column with 10 mm i.d. x 500 
mm in length. The feed dissolved in 
SC-C0 2 was continuously passed 
through the column packed with 
silica gel at 8.8 MPa for adsorption 
step, and then, after the equilibrium, 
pure SC-C0 2 was passed through 



Figure 1 Relation between adsorption equilibrium 
constant and solvent density. 
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the column at 19.4 MPa for 
desorption step. Employed flow 
rate of C0 2 and feed was 0.052 
g/s and 0.002 g/s, respectively 
for the adsorption step and C0 2 
flow rate of 0.013 g/s was used 
for the desorption step. Figure 
2 shows the breakthrough 
curves for major components in 
orange oil at 8.8 MPa. The solid 
and open symbols are terpenes 
and oxygenated compounds, 
respectively. Terpenes were 
slightly adsorbed on the 
adsorbent and immediately 
breakthroughed the column. A 
behavior of the competitive 
multicomponent adsorption 
was observed among the 
oxygenated compounds, that is, 
weakly adsorbed components 
eluted with the concentration 
higher than the feed. 

Figure 3 shows the desorbed 
amounts and the variation in 
concentration factor of each 
components in effluent at 19.4 
MPa. Concentration factor is 
defined by the concentration of 
solutes desorbed divided by 
that in feed Terpenes in the 
void space of the column were 
effused in the beginning of the 
desorption step, then 



100 
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200 300 

Time [min] 

Figure 2 Breakthrough curve of raw orange oil 
at 313K and 8.8MPa. 
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Figure 3 Variation of desorbed amount and concentration factor 
for desorption step at313K and 19.4MPa. 


oxygenated compounds gradually desorbed Linalool in the raw orange oil was 
concentrated 50 times at the end of the desorption step. These results indicated 
that the rinse (or purge) step for the effluent of the terpene presented in the void 
region of the column is required to obtain the highly concentrated oxygenated 
compounds in the desorption step. 


4. CYCLIC ADSORTPION PROCESS 
4.1. Experimental 

The experimental apparatus developed for citrus oil processing is shown in 
Figure 4. The empty column was equipped before the adsorption column in order to 
dissolve the raw oil completely in SC-C0 2 and to avoid the adsorption of waxes and 
pigments, where they were removed easily due to the small solubility in SC-C0 2 . A 
pair of 0.5 m long and 9 mm i.d columns packed with silica gel were used for 
adsorber. 
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Feed dissolved in CO2 



Figure 4 Experimental set-up for citrus oil processing. 


A set of 10 solenoid valves 
(Atkomatic Inc.) were used for 
switching the adsorption- 
desorption cycle. The solenoid 
valves were controlled by a 
programmable controller 

(SYSMAC-mini, OMRON). The 
operation of solenoid valves and 
the pressure change of the 
system are schematically shown 
in Figure 5. When the solenoid 
valves S1-S4-S5-S8 were opened 
while the others represented by 
S2-S3-S6-S7 remained close, left 
column was in the adsorption step 
and right column was in the 
desorption step, and vice versa. 

The pressure was controlled by 3 
back-pressure regulators. BPR.l 
was set at 19.4 MPa, and BPR.2 and 3 were set at 8.8 MPa. For the rinse step to 
remove solute in the void region, SA valve remained open, where the pressure of 
whole system kept at 8.8 MPa, and the effluent from both column was collected in 
SEl.Forthe blowdown step, the pressure of one column kept at 19.4 MPa for the 
desorption step was quickly reduced to 8.8 MPa for next adsorption step by 
opening SB valve. 

The C0 2 flow rate used was 0.047 g/s for the adsorption step at 8.8 MPa and 
0.010 g/s for the desorption step at 19.4 MPa. Temperature of the syetem was 
kept at 313 K. C0 2 was passed through a cooled line and compressed to operating 
highest pressure of 19.4 MPa by a high pressure pump. The compressed C0 2 was 



Figure 5 Configuration of a cyclic operation with two beds 
for the citrus oil processing in supercritical carbon dioxide. 
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passed through a heated buffer tank to reach the desired temperature. A part of 
C0 2 was reduced to a presssure of 8.8 MPa through the micrometering valve MV1. 
Feed and C0 2 at 8.8 MPa were countercurrently contact in the mixing column. 
Nonvolatiles in feed remained undissolved at the wall and bottom of the column. 
The fluid exiting the mixing column was homogeneous phase with feed and C0 2 , 
and flowed from the top to the bottom of the adsorber for the adsorption step. On 
the other hands, pure C0 2 at 19.4 MPa flowed from the bottom to the top of the 
adsorber for the desorption step. The C0 2 flow rate was measured with dry test 
meter equipped after the separator. 

The effluents collected in SE1, SE2, and SE3, were weighed and analyzed by a 
cappillary gas chromatograph equipped with FID detector. The GC analysis was 
performed with a Shimazu GC-14A equipped with a J&W DB-WAX (30 m x 0.25 
mm i.d, 0.25 nm film) fused silica capillary column and FID. Temperature of GC 
oven was programmed linearly from 343 K to 473 K at a rate of 3 K/min. Helium 
with split ratio of 1/100 was used as carrier gas. 

4.2. Result and Discussion 

A continuous cyclic operation between the adsorption step, where a cold- 
pressed orange oil in SC-C0 2 was continuously passed through the column at 8.8 
MPa and 313 K, and the desorption step, where pure SC-C0 2 was passed through 
the column at 19.4 MPa, including the rinse step was demonstrated Figure 6 
shows the average concentration factors of oxygenated compounds for each steps 
as a function of concentration of feed operated at a half cycle time (tc) of 60 min. 
As disscussed above, oxygenated compounds were concentrated for the desorption 
step. However, for the blowdown step where the pressure in the column was 
immediately reduced from 19.4 MPa to 8.8 MPa, higher concentrated fraction of 
oxygenated compounds were obtained than that for the desorption step, since the 
adsorbed solutes on the adsorbent were eluted with the convective flow in the 
pores of the particle induced by the quick expansion of the fluid The concentration 
factor decreased with the increase in the concentration of feed Because the 
desorption time is not sufficient to compensate the increase in the adsorbed 
amounts due to the increase in the concentration. 
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Figure 7 shows the effect of half cycle time on the concentration factor of 
oxygenated compounds for each steps. An increase in the half cycle time caused 
higher concentration factor for both the desorption step and blowdown step. 
Higher concentration factors up to 25 were obtained at a half cycle time of 120 
min. These concentration factors satisfy the commercially required value of 5 - 10. 


5. CONCLUSION 

A continuous cyclic operation between the adsorption at a lower pressure and 
the desorption at a higher pressure, involving the rinse step to remove the solutes 
in the void region of the adsorber, was demonstrated for citrus oil processing with 
silica gel adsorbent in SC-C0 2 . Terpeneless citrus oil was succesfully obtained in 
the desorption step and blowdown step. The proposed system showed the 
feasibility of the continuous operation of the cyclic adsorption process. 


Acknowledgment 

This work was supported by a Grant-in-aid for Scientific Research (No. 
04238106) from the Ministry of Education, Science, Sports and Culture, Japan. 
We thank for receiving the JSPS Research Fellowships for Young Scientists (No. 
2362) to cany out this work. We also thank Givaudan-Roure Flav. Ltd for 
supplying citrus oil. 


REFERENCES 

1. D. Barth, D. Chouchi, G. D. Porta, E. Reverchon, and M. J. Perrut, J. Supercrit. 
Fluids, 7 (1994) 177. 

2. D. Chouchi, D. Barth, E. Reverchon, andG. Della Porta, Ind Eng. Chem. Res., 
34(1995)4508. 

3. Y. Yamauchi and M. Saito, J. Chromatography, 505 (1990) 237. 

4. S. J. Coppella and P. Barton, ACS Symp. Ser., 366 (1987) 201. 

5. E. Stahl and D. Gerard, Perfumer and Flavorist, 10 (1985) 29. 

6. F. Temelli, C. S. Chen, and R. J. Braddock, Food Tech., 42 (1988) 145. 

7. C. Perre, G. Delestre, L. Schrive, M. Carles, Prec. 3rdlnt. Sym. Supercritical 
Fluids, 2 (1994) 465. 

8. M. Sato, M. Goto, T. Hirose, Ind. Eng. Chem. Res., 34 (1995) 3941. 

9. M. Sato, M. Goto, T. Hirose, Proc. Fifth Int. Conf. Fundam. Adsorption, (1995) 
Su-7. 



High Pressure Chemical Engineering 

Ph. Rudolf von Rohr and Ch. Trepp (Editors) 309 

® 1996 Elsevier Science B.V. All rights reserved. 


Gas Anti-Solvent Fractionation of Natural Products 

O. J. Catchpole *, S. Hochmann and S. R. J. Anderson 

Industrial Research Ltd., P.O. Box 31-310, Lower Hutt, New Zealand 

Gas anti-solvent fractionation was carried out using C0 2 on mixtures of lecithin/Soya 
oil/hexane; coriander seed triglycerides/essential oil/hexane; and pure components of the 
mixtures. Separation of the mixtures into individual components was demonstrated at a 
laboratory scale. The degree of separation possible was a function of the volume expansion of 
the liquid solvent phase. The pressure/volume expansion at which a pure component 
precipitated was qualitatively related to its solubility in supercritical C0 2 . The volume 
expansion was a function of temperature and pressure. The pressure required to reach a certain 
volume expansion increased as both the temperature and triglyceride content increased. 

1. INTRODUCTION 

Organic solvent extraction of natural products is a widespread industrial scale operation to 
recover edible oils, flavour and fragrance extracts, and extracts for pharmaceutical products. 
Most of these processes require many refining steps after solvent extraction to obtain the final 
product, including removal of solvent residues, and components that are not desirable in terms 
of colour, oxidative stability, and effect on flavour. As an example, the refining of edible oils 
requires steps to remove phospholipids which cause gumming, chlorophyll which gives rise to 
an undesirable colour, free fatty acids which give a rancid taste, peroxides which cause 
oxidative instability, and solvent residues which must be removed to meet food grade 
specifications [1], Each step requires either heat, other chemicals, or adsorbents and results in 
yield loss of oil at each stage. Gas anti-solvent fractionation (GAS) is being evaluated in this 
work as a process to replace all of the refining steps after solvent extraction. GAS is a relatively 
new separation technique that utilises the anti-solvent power of a near-critical gas when 
dissolved in organic solvents. The solubility of the gas in the solvent increases with pressure, 
and the solvent power decreases. Closely associated with the decrease in solvent power is an 
expansion of the liquid phase volume [2], C0 2 is the most suitable gas anti-solvent, due to its 
convenient critical temperature and high solubility in most commonly used organic solvents 
such as hexane, acetone and ethanol. GAS has already been applied to the recovery of a wide 
range of solids from solution including explosives [2]; polyaromatic hydrocarbons [3,4]; citric 
acid [5]; and b-carotene and acetaminophen [6]. So far, there have been no published reports on 
the GAS fractionation of mixtures containing a liquid solute. In this work, we investigate the 
effects of temperature, pressure and composition of the solvent phase on the separation of 
lecithin from Soya oil; and coriander triglycerides from essential oil at a lab scale. 

2. EXPERIMENTAL 

Gas anti-solvent fractionation was performed with the apparatus shown schematically in figure 
1. Carbon dioxide was compressed to 200 bar by an air driven diaphragm compressor C1, and 
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then heated to 313K as it passed through buffer vessels BV1 and BV2, housed inside a 
waterbath. The C0 2 then passed through a forward regulator set to the desired pressure (± 0.5 
bar), and into a view cell VC1 (Jergusson gauge) contained within a second waterbath (± 
0.1 °C). The carbon dioxide entered through bottom valve VI during expansion of the liquid 
phase, with the top valve V2 closed. At the desired pressure, C0 2 flowed through the view cell, 
and then through a depressurization valve V4 and into collection vessel CV1, to recover 
dissolved/entrained solvent. The degree of expansion of the solvent phase was determined by 
comparing the liquid height with a height/volume calibration curve for the view cell. The 
solvent phase was added to the apparatus either by pipette at atmospheric pressure, or a 
metering pump at the experimental pressure. 



C2 


X VI6 

Figure 1 Schematic of Experimental Apparatus 


Samples were taken from the precipitated bottom phase, the solvent phase, and the C0 2 vapour 
phase. The sampling procedure for the bottom phase depended on whether the precipitate was a 
liquid (triglyceride oil), solid (lecithin) or a mixture of both components. Samples of liquid bottom 
phase were withdrawn from valves V3 and V16 positioned at the base of the view cell, with valve 
VI shut. Valves V5, V6 and V2 were opened to ensure constant pressure inside the view cell 
during sampling. Samples of solid lecithin were recovered by first removing the solvent phase 
under pressure as above, followed by depressurization, and then solvent washing of the apparatus. 
Lecithin was retained on a filter placed above valve V3. For mixtures of lecithin and Soya oil, the 
two sampling procedures were combined. The Soya oil was first removed under pressure, 
followed by the solvent phase. The apparatus was then depressurized and solvent washed. Samples 
of the solvent phase at pressure were also taken via valve V4 and collection vessel CV3, to 
measure the C0 2 content, and the concentration of solute still in solution. 

The experiments carried out are summarised below. The temperature and pressure range was 
298-313K, and 40-75 bar respectively. Expansion experiments were carried out on both single 
solute solutions in hexane; and mixtures of lecithin (L) and Soya oil (S); and coriander essential 
(CE) and fixed oil (CT) in hexane. The single solute concentrations were: 5 and 10 % by weight 
L; 5, 10 and 20 % by weight CE; and 10, 20, 30 and 40 % by weight of S or CT. The mixture 
concentrations in hexane were 40 % S, and 10 % L by weight; 20 % S and 1, 2.5, and 5 % L by 
weight; and 10, 20, 30 % CT with a constant CE ratio of 1:5 essential oil to fixed oil. 










311 


3. RESULTS AND DISCUSSION 
3.1. Single solute solutions 

Precipitation trials over a range of temperatures and pressures revealed that up to 100 percent 
of lecithin, 95 percent of triglycerides and no essential oil could be recovered from solution. At a 
fixed temperature, lecithin precipitated at lower pressures than triglycerides, suggesting that 
separation should be possible. The precipitation behaviour can be qualitatively related to solubility 
in supercritical C0 2 . Lecithin, which is completely insoluble, precipitates at low pressures, whilst 
essential oil, which is very soluble, cannot be precipitated. The coriander essential oil acted like a 
second solvent: mixtures of hexane and coriander essential oil expanded to a larger degree than 
pure hexane. The degree of expansion of the liquid phase, V V/V,,and the pressure range over 
which precipitation of lecithin occurred did not depend on the initial concentration of lecithin in 
solution over the concentration range investigated. The expansion behaviour of triglyceride/hexane 
solutions was dependent on the concentration. The concentration of lecithin and triglyceride 
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Figure 2 Solute remaining as a function of pressure at 298 K 

remaining in solution is shown in figure 2 at 298 K for lecithin concentrations of 5 and 10% by 
weight; and triglyceride contents of 20 % and 40 % by weight respectively. The pressure gap 
between the precipitation of lecithin and that of triglycerides is clearly evident. The concentration 
remaining in solution could be correlated against the degree of expansion of the solvent phase as 
shown in figure 3 or the concentration of C0 2 in the solvent phase, resulting in a single lecithin 
curve for all temperatures investigated. This finding is consistent with the observation that the 
expansion of pure solvents at all temperatures could be correlated against the C0 2 content of the 
solvent [7]. The curves for 20 % and 40 % by weight triglycerides show different behaviour. The 
volume expansion required to cause precipitation decreased as the concentration increased. The 
expansion level at which the 40 % solution begins to precipitate is close to the lecithin curve, 
suggesting that separation would not be possible under these concentration conditions. 




312 


3.2. Two solute solutions 

The degree of separation of lecithin from triglycerides, and coriander essential oil from 
triglycerides depended on the concentration of triglyceride in solution. As the concentration of 



Figure 3 Solute remaining as a function of volume expansion at 298 and 313 K 

triglyceride increased, the pressure range over which lecithin precipitated was translated upwards. 
No separation was possible at a triglyceride content of 40% by weight. The triglyceride that 
precipitated redissolved the lecithin which had co-precipitated. At lower triglyceride concentrations 
separation was possible. The percentage of solute (lecithin or triglyceride) remaining in solution as 
a function of pressure at 313 K is shown in figure 4 for three lecithin concentrations and a Soya oil 
concentration of 20 % by weight. The desired outcome is a low % lecithin, and high % Soya oil 
remaining in solution. Also included for comparison is the pure solute precipitation curves. 



Figure 4 Solute remaining as a function of pressure for lecithin/Soya oil mixtures 
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The shift upwards in pressure for lecithin is pronounced, whilst the Soya oil precipitation 
behaviour is unaffected by the initial lecithin concentration. The pressure range over which 
triglycerides precipitated was very similar to the single solute experiments and independent of the 
lecithin content over the concentration range used. The mixture results for lecithin and 
triglycerides could again be correlated against the degree of expansion of the liquid phase. The 
percentage solute (lecithin or triglyceride) remaining is shown in figure 5 as a function of the 
degree of expansion of the liquid phase at temperatures of 298 and 313 K for three lecithin 
concentrations and 20 % by weight Soya oil. Again, the pure component expansion curves are 



Figure 5 Solute remaining as a function of volume expansion for lecithin/Soya oil mixtures 

shown for comparison. The lecithin precipitation data points are very similar to the pure 
component curve, whilst the Soya oil data points are lower. The presence of Soya oil reduces the 
degree of expansion as a function of pressure. The degree of expansion is the key parameter in 
determining the separation efficiency. The results also suggest that it may be possible to precipitate 
lecithin and Soya oil in an isobaric two stage process. Lecithin is precipitated in the first stage at a 
high temperature and low volume expansion. The temperature is then reduced in the second stage, 
resulting in a high volume expansion, and precipitation of soya oil. 

The separation of coriander triglycerides from coriander essential oil required higher pressures 
than those used for Soya oil/lecithin mixtures, as the aim was to try and precipitate all the 
triglycerides. Essential oil could not be precipitated from hexane in pure component trials, but was 
not completely recovered from precipitated triglycerides. The limitations of the experimental 
apparatus resulted in lower than expected purity and recovery of essential oil. The passage of 
carbon dioxide upwards through the view cell caused entrainment of triglycerides, lowering the 
top phase purity. Contacting between the carbon dioxide and solvent phase was also not optimised, 
as large bubbles were observed passing upwards through the centre of the column only. 
Contacting could be improved with the use of a suitable packing. Experiments carried out under 
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continuous addition of carbon dioxide and liquid mixtures to the view cell resulted in the best 
separation of triglycerides from the remaining essential oil and hexane solvent. The top and 
bottom phase (solvent and triglyceride phase) concentrations of essential oil are shown in 
figure 6 for selected P, T combinations under continuous operating conditions. Under the 
optimum conditions, a 90% by weight coriander essential oil fraction was recovered. 
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Figure 6 Essential oil concentrations in top and bottom phases using a continuous feed. 

4. CONCLUSIONS 

The separation of lecithin from Soya oil and coriander essential oil from coriander 
triglycerides using GAS fractionation was achieved at a laboratory scale. The degree of 
separation was correlated against volume expansion of the liquid phase. The precipitation of 
lecithin as a function of volume expansion was similar for the pure component and in 
mixtures with Soya oil. The pressure required to achieve separation from the mixture 
increased relative to the pure component for lecithin, but was unchanged for Soya oil. High 
expansion levels were required to achieve separation of triglycerides from essential oil. Under 
the optimum conditions used, a 90% by weight essential oil fraction was recovered. 
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ABSTRACT 

Recovery techniques are needed to separate metals from high level radioactive liquid waste 
streams. We examined hydrothermal crystallization in supercritical water (SCW) and 
separation factors for removing metals from simulated radioactive liquid waste streams. 
Aqueous metal nitrates can react to form metal oxides or hydroxides at these conditions. The 
21 element simulated waste stream consisted of nitrates of Cs (6030 ppm), Sr (1220 ppm), 
Pd (50 ppm), Na (26200 ppm), Ba (3610 ppm), Ag (150 ppm), Cd (250 ppm), Y (1090 
ppm), La (2780 ppm). La (2780 ppm), Ce (8530 ppm), Pr (3890 ppm), Nd (9610 ppm), Sm 
(2000 ppm), Eu (340 ppm), Gd (17840 ppm), Zr (7330 ppm), Cr (1850 ppm). Mo (720 
ppm), Mn (880 ppm), Fe (10240 ppm) and Ni (1830 ppm) aqueous solutions. The 
experimental apparatus consisted of a batch apparatus heated in a salt bath with conditions 
from 373-723 K, 20-40 MPa and reaction time horn 2-30 minutes. After completion of the 
each experiment, the reactor contents were filtered and analyzed with ICP, X-ray diffraction 
and SEM, as appropriate. Results are summarized for the 21 element stream at 30 MPa and 
30 minutes reaction time. For Mo, Zr, and Fe, a sharp decrease in the liquid phase 
concentration was observed from the previous stated concentrations to approximately 2, 20, 
and 40 ppm, respectively as the system entered supercritical conditions. The temperature 
ranges, where the metals could be recovered, varied. For Mo, a sharp increase in recovery 
occurred at about 423 K and reached 98%; for Fe, the increase in recovery began at about 
473 K amd reached 99%. For Zr, the recovery occurred over a wider range and began from 
about 373 K and reached 98% at 673 K. For Cr, 75% recovery was approached. More than 
99% of Pd could be recovered. Sr, Cs, and Na showed relatively little or no changes in liquid 
phase concentration. A series of experiments were performed to determine the density effects 
on metal reactivity. Other metals could be recovered from 4% to 98%. Only Cr, Ce, Pr, Mn, 
and Ni had recoveries that were affected by density. For these elements, recoveries showed 
a downward trend with increasing density. An empirical model with a function form for 
Type V adsorption was found to provide an excellent fit of the data. From the results 
presented it is possible to selectively separate mixed metals streams with hydrothermal 
crystallization in supercritical water. For the simulated stream studied, approximately 42 
wt% of the metals can be removed by elevating the stream to supercritical conditions. 
Further experiments using a flow apparatus and modeling of the reactive solubility are in 
progress. 
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INTRODUCTION 

Greater than 30% (10 million MW-days/year) of electrical energy used in Japan is 
derived from nuclear sources (JIE, 1994). One problem in using nuclear energy is the high 
level liquid waste (HLLW) that is generated at a rate of approximately 378 L waste per ton 
of fuel processed (Bums and Irish, 1976). HLLW can be stabilized by a solidification process 
(vitrification) in which the waste is mixed with molten glass particles and then allowed to 
solidify. Prior to permanent disposal however, solid waste must undergo extensive treatment 
to reduce content of heat and reactivity that is dominated by ’“Sr and 137 Cs. If these elements 
could be separated from the other elements, only 3% of the waste would require processing. 
Additionally, volatilization of fusion product ruthenium poses potential problems in nuclear 
fuel processing and waste consolidation operations (Cains et aL, 1992). Separation of Ru and 
certain valuable metals such as Pd and Rh are of high industrial interest. In 1988, Japan’s 
Atomic Energy Commission recommended that R&D for treatment of HLLW to be divided 
into four groups: (i) transuranic elements (TRU), (ii) strontium-cesium (iii) technetium- 
platinum group, and (iv) other metals (Kubota, 1993). Because many processing streams 
consist of substantial amounts of water, however, there exists a considerable opportunity for 
separation and recovery of the metals through the addition of thermal energy to increase the 
metal ion activities selectively. Recently, metal ions have been shown to have high reactivity 
in hydrothermal and supercritical water (SCW) systems (Adschiri et al., 1992). The objective 
of this research is to examine recovery of metal ion systems of HLLW through manipulation 
of the properties of sub- and supercritical water. 

MATERIALS AND METHODS 

Water used in the experiments was doubly distilled and passed through an ion 
exchange unit. The conductivity was approximately 1 x 10~ 6 S/m. Simulated HLLW 
consisted of 21 metal nitrates in an aqueous 1.6 M nitric acid solution as shown in Table 1 
and was supplied by EBARA Co. (Tokyo, Japan). Concentrations were verified by AA for 
Na and Cs with 1000:1 dilution and by ICP for the other elements with 100:1 dilution. Total 
metal ion concentration was 98,393 ppm. The experimental apparatus consisted of nominal 
9.2 cm 3 batch reactors (O.D. 12.7 mm, I.D. 8.5 mm) constructed of 316 stainless steel with 
an internal K-type thermocouple for temperature measurement. Heating of each reactor was 
accomplished with a 50%NaNO 2 + 50% KNO 2 salt bath that was stirred to insure uniform 
temperature. Temperature in the bath did not vary more than ±1 K. The reactors were 
loaded with the simulated HLLW waste at atmospheric conditions according to an 
approximate calculated pressure. Each reactor was then immersed in the salt bath for 2 min - 
24 hours. After a predetermined time, the reactor was removed from the bath and quenched 
in a 293 K water bath. The reactor was opened and the contents were passed through a 0.1 
pm nitro-cellulose filter while diluting with water. Analysis of the liquid was performed with 
methods in Table 1. Analysis of filtered solids were carried out with X-ray diffraction with 
a CuK a beam and Ni filter. Reaction time was defined as the time that the sample spent at 
the desired temperature. Typical cumulative heat-up and cool-down time was on the order 
of one minute. Results of this work are reported in terms of recoveries as defined by: 



Recovery (%) = 


x 100% 


( 1 ) 
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where C„ is the initial aqueous metal ion concentration (ppm) and C is the final aqueous metal 
ion concentration (ppm). Since it is apparent that metals can be leached from the reactor 
vessels, experiments were also performed by heating nitric acid solutions without simulated 
HLLW to determine baseline levels of chromium, nickel, manganese and iron. 

RESULTS AND DISCUSSION 
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Initially, reaction times were varied from 2 minutes to 24 hours at 573 K and 673 K. 
These experiments revealed that 30 minutes reaction time was sufficient for the mixtures to 
achieve chemical reaction equilibrium. Therefore, further experiments were all performed 
with 30 minutes reaction time. Figures 1 and 2 provide a summary of smoothed results as 
discussed later. Approximate densities (g/cm 3 ) were 0.97, 0.93, 0.89, 0.83, 0.75, 0.64, 0.36, 
and 0.15 for temperatures (K), 373,423,473, 523, 573, 623, 673,723, respectively. All 
metals were found to be 
soluble in the aqueous 
1.6 M HN0 3 solution at room 
temperature. Considering 
eqn. (1), the metal must 
react to a form that is 
insoluble in the liquid 
phase for the recovery to 
increase. Moreover, 
according to the 
experimental procedure, the 
reacted metal must be insoluble 
in the liquid phase at room 
temperature as the batch 
reactor is cooled before analysis. 

For this complex system, there 
are a number of reactions that take 
place. For metal nitrate salts, the 
following general reactions have 
been found to occur in supercritical 
water (Adschiri et al„ 1992): 



550 
T/K 

Figure 1. Recovery versus temperature for metals in the 50-100% 
recovery range. See Table 2 for model parameters. 


Hydrolysis step: M(N0 3 ) x + xH 2 0 


M(OH) + xHNO^ 


( 2 ) 


Dehydration step: M(OH) x MO x „ + x/2 HNO 


(3) 


Metal hydroxides formed according to eqn. 2 are dehydrated according to eqn. 3 to form 
metal oxides which are generally insoluble in water. As shown in Figure 1, at 423 K, Zr and 
Mo exhibited a sharp decrease in solubility, which lead to a sharp increase in the recovery. 
Beginning at 0% recovery at temperatures below 400 K, as temperature was increased to 
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423 K, recovery for Zr and Mo attained a value around 20-23 %. At 473 K, approximately 
98% of Zr and Mo could be recovered. As the temperature was increased to 548 K, the 
solubility of Fe decreased, which lead to a recovery of 99%. At these conditions, Cr also 
started to precipitate. However, only approximately 75% of Cr could be recovered 
regardless of the temperatures examined. To some extent, this might due to the leaching of 
the chromium from the reactor walls, although this cannot completely explain the plateau in 
Cr recovery since we checked the baseline levels as discussed in the previous section. At 653 
K, Pd could be recovered close to 100%. Silver seemed to reach its maximum value of about 
10% at a temperature just above 
420 K as shown in Figure 2. 

As the temperature 
increased further to 673 K, Ce, 

Mn, and Ni could be recovered at 
98%, 91%, and 87%, respectively. 

Above 673 K, Pr, Y, Eu, Sm, 
and Cd began to show reactivity Jj 
and could be recovered at about © 

50%, 10%, 9%, 9%, and 10% Jj 
respectively. At the highest Q 

temperatures studied, Gd, La, ^ 

Nd, Ba showed recoveries of 
less than 7%. The elements Cs, 

Sr, and Na did not precipitate 
at any of the conditions studied. 

Analysis of the solids 
collected provided additional 
information. At 423 K, all solid 
product collected was amorphous. 

At 473 K, the only solid product 
that could be identified with XRD 
was Fe 2 0 3 (hematite). Hematite parameters, 

was present in all samples for 

temperatures of 423 K or higher. At 573 K and 623 K, Cr0 2 could be identified. At 673 K 
and 723 K, Ce0 2 and Pr0 2 could also be identified in addition to hematite and Cr0 2 . Only 
limited analysis is possible since many oxides are soluble to some extent in acidic solutions. 
In addition to eqns. 2-3, a number of reduction-oxidation reactions must occur since Cr, Ce, 
and Pr change oxidation states from +3 to +4. At present, the redox couples are unknown. 

We also examined the pressure (density) effects at 673 K. For metals that were 
highly reactive (Zr, Mo, Fe, Pd), or relatively unreactive (Y, Eu, Gd, La, Nd, Sm, Ag, Cd, 
Ba, Sr, Cs, Na), no density effect was observed. For other metals ( Cr, Ce, Pr, Mn, Ni) 
however, we could observe moderate effects of the pressure (density) on the recovery. As 
density increased, recoveries decreased. This implies that the solubilities increased or that 
the reactions shifted to more soluble products with increasing density. At 723 K, the 
recoveries were found to be independent of density in the range of 0.08 - 0.15 g/cm 3 . 

To correlate the data, in view of the numerous complex factors discussed above, we 
noticed that the form of the data resembles that of Type V adsorption isotherm behavior that 
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Figure 2. Recovery versus temperature for metals in the 0-12% 
recovery range. Gd (not shown) had a 4.5% recovery 
at 723 K. Sr, Cs, and Na always remained in the liquid 
phase at the conditions studied. See Table 2 for model 
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is used for ion exchange and mass action analysis. In terms of the independent variable, 
temperature, this becomes: 


n max 

Recovery = - 

(r 1 B /n s * l 


(4) 


where, R., is the maximum recovery possible, T 1/2 is the temperature at which half of the 
maximum recovery is obtained and S is an exponent that describes the sharpness of the 
recovery as is termed as a separation index. Using eqn. (4), experimental data were fit with 
a least squares technique with good results as shown in Table 2 by the R 2 values. Figures 1 
and 2 show the smoothed results of eqn. 4. Parameters determined are also given in Table 
2 and the order of the elements, in terms of T 1/2 show that metals can be selectively 
separated. Values of S higher than 50 or so indicate very sharp recoveries. Metals that had 
high recoveries, such as those in Figure 1, tended to have sharp (high) separation indices, 
whereas those with low recoveries, such as those in Figure 2, tended to have low separation 
indices. One can compare, La, Cd, and Pd, which are in increasing order of S. 

CONCLUSIONS 

The results show that separation of metals from simulated high level liquid wastes is 
possible and that approximately 42 wt% of the metals can be recovered. From the 
experiments performed, there is some interaction between the metals and redox couples must 
exist as determined by the change in oxidation states of Cr, Ce, and Pr from +3 to +4. 
Periodic table Group I metals were found to remain in solution. It is not known at this point 
whether the metals in solution are unreacted nitrates or whether they have reacted to some 
species that are soluble in 1.6 M HN0 3 . A simple model based on an adsorption model was 
found to adequately describe the data. Because of the experimental technique, it is not 
possible to know the precise metals and percentages that can be recovered from the solutions 
studied at supercritical conditions. More detailed experiments with a flow experiment and 
further research will answer many of these questions. This research on these points is in 
progress. 
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Table 1 


Elements and Concentration of Simulated High Level Liquid Waste (HLLW) 


Element 

Form of Starting Material 

Cone 

(ppm) 

Metho 

d 

Cesium, Cs 

CsN0 3 


6,000 

AA 

Strontium, Sr 

Sr(N0 3 ) 2 


1,223 

ICP 

Palladium, Pd(II) 

Pd(N0 3 ) 2 


595 

ICP 

Sodium, Na 

NaN0 3 


17,650 

AA 

Barium, Ba 

Ba(N0 3 ) 2 


3,612 

ICP 

Silver, Ag 

AgN0 3 


155 

ICP 

Cadmium, Cd 

Cd(N0 3 ) 2 

• 4H 2 0 

252 

ICP 

Yttrium, Y 

Y(N0 3 ) 3 

• 6H 2 0 

1,088 

ICP 

Lanthanum, La 

La(N0 3 ) 3 

• 6H 2 0 

2,776 

ICP 

Cerium, Ce(III) 

Ce(N0 3 ) 3 

• 6H 2 0 

8,529 

ICP 

Praeseodymium, Pr(lII) 

Pr(N0 3 ) 3 

• 6H 2 0 

3,885 

ICP 

Neodymium, Nd 

Nd(N0 3 ) 3 

• 6H 2 0 

9,606 

ICP 

Samarium, Sm 

Sm(N0 3 ) 3 

• 6H 2 0 

2,001 

ICP 

Europium, Eu 

Eu(N0 3 ) 3 

• 6H 2 0 

344 

ICP 

Gadolinium, Gd 

Gd(N0 3 ) 3 

• 6H 2 0 

17,836 

ICP 

Zirconium, Zr 

Zr0(N0 3 ) 2 

• 2H 2 0 

7,333 

ICP 

Chromium, Cr(HI) 

Cr(N0 3 ) 3 

• 9H 2 0 

1,849 

ICP 

Molybdenum, Mo (VI) 

Na 2 Mo0 4 

• 2H 2 0 

716 

ICP 

Manganese, Mn(III) 

Mn(N0 3 ) 2 

•6H 2 0 

878 

ICP 

Iron, Fe(III) 

Fe(N0 3 ) 3 

• 9H 2 0 

10,239 

ICP 

Nickel, Ni(II) 

Ni(N0 3 ) 2 

• 6H 2 0 

1,826 

ICP 


Table 2 

Model parameters for recovery as a function of temperature. T 1/2 is the temperature 
at which one-half of the maximum recovery, Rmax is obtained. 


Element 

T W ,K 

R.MAX’ % 

S 

Unweighted R 2 

Silver, Ag 

421 

9.7 

301.7 

0.94731 

Molybdenum, Mo (VI) 

428 

97.9 

112.3 

0.99996 

Zirconium, Zr 

434 

97.6 

52.7 

0.99920 

Iron, Fe(IH) 

496 

99.2 

56.3 

0.99991 

Chromium, Cr(III) 

517 

75.2 

188.7 

0.99601 

Barium, Ba 

527 

3.6 

165.6 

0.88598 

Cadmium, Cd 

592 

10.5 

16.8 

0.73407 

Palladium, Pd(II) 

594 

99.4 

48.2 

0.99923 

Lanthanum, La 

604 

6.8 

4.9 

0.81774 

Neodymium, Nd 

627 

4.3 

183.4 

0.84116 

Samarium, Sm 

630 

9.1 

56.3 

0.91726 

Europium, Eu 

633 

9.2 

19.7 

0.96889 

Cerium, Ce(III) 

657 

98.4 

65.3 

0.99963 

Praeseodymium, Pr(III) 

665 

50.2 

181.4 

0.99433 

Yttrium, Y 

671 

9.6 

74.8 

0.99998 

Manganese, Mn(III) 

678 

91.1 

92.4 

0.99225 

Nickel, Ni(D) 

680 

87.4 

158.4 

0.99785 

Gadolinium, Gd 

723 

4.6 

— 

— 
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Thermal Swing Adsorption in Supercritical Fluids 

B. D. Mierau and A. K. Sunol 

Department of Chemical Engineering, University of South Florida, 4202 East Fowler 
Avenue, Tampa, Florida, U.S.A. 

ABSTRACT 

The success of thermal swing adsorption in the separation of multiple solute 
mixtures, depends on the ability to control thermal wave velocity relative to each solute 
velocity as they pass through the column. For a ternary system operating conditions must 
be cycled such that the velocity of the thermal wave in one instance exceeds the velocities 
of both solutes, in another the velocity of one component is exceeded, and finally that the 
velocities of both solutes exceed that of the thermal wave. The sensitivity of supercritical 
solvents to thermally induced changes in heat conductivity provides a unique means of 
controlling the velocity of the thermal wave, in order to affect such separations. A 
dynamic model is presented which allows prediction of the wave velocities for use in 
determining the appropriate operating conditions for a given mixture. A pilot scale 
separation unit under investigation for recycled thermal swing separations is also 
described. 

THERMAL SWING PROCESSES IN SUPERCRITICAL FLUIDS 

The general properties of supercritical fluids make them an attractive alternative to 
liquid solvents in column operations where transport effects come into play. If 
supercritical CO 2 is employed as the solvent, this advantage is further supplemented by the 
non-flammable, non-toxic nature of the fluid, and the relative ease of solvent recovery. 
Supercritical solvents also offer the potential to greatly enhance thermally driven 
separations through dramatic changes in component solubility, adsorptive characteristics, 
and thermal conductivity near the critical region. 

For the separation of components in a ternary mixture, the column must be 
operated in such a manner that the relative velocities of the binary solutes through the bed 
can be controlled. By employing three operational conditions in succession such that in 
one instance both solutes move at a rate slower than the thermal front, one solute moves 
faster and one slower than the front, and where both solutes move faster than the thermal 
front; a concentration shock wave can be induced to form for each species to be 
separated 1 . The dramatic changes in heat transfer characteristics of the fluid phase near 
the critical point allows for greater flexibility in selecting these operating conditions. 
Successful design of processes which operate in this region will depend on the ability to 
model adsorption, desorption, and possibly retrograde phenomena accurately enough to 
enable scaling to production sizes. 
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MODEL DEVELOPMENT 

In this report, a kinetic model based on the solid film linear driving force 
assumption is used. Unlike the equilibrium-dispersive model, which lumps all transfer and 
kinetic effects into an effective dispersion term, the kinetic model is effective when the 
column efficiency is low and the effects of column kinetics are significant. 

The dynamic behavior of an adiabatic adsorption column has been previously 
solved by a number of investigators, the majority of these solutions involving 
incompressible fluids or having been restricted to systems where dilute solution 
approximations apply. Raghavan and Ruthven 2 presented a model for an incompressible 
system represented well by a reversible isotherm, axial dispersion, and external film as well 
as pore difffiisional resistances to mass transfer. The model presented below is essentially 
the same as the one developed by these authors, except adjustments have been made to 
allow for changes in model parameters as the simulation progresses. In order to avoid 
intractable computational problems, fluid velocity is taken to be a discontinuous property 
estimated at discrete points along the length of the column. The velocity is assumed to 
remain constant over each column segment, and is determined through mass balances 
involving equation of state or empirically based correlations for the viscosity and density 
of the fluid phase. The model parameters effected by changes in velocity can be adjusted 
at these discrete points. Mathematically, the interactions of solute with the adsorbent can 
be described as a linked set of Partial Differential Equations (PDEs), Ordinary Differential 
Equations (ODEs) and algebraic equations. This system is transformed into a set of 
ODEs, with the PDEs discretized by orthogonal collocation and the algebraic expressions 
either written into the ODEs or treated as adjustable parameters. The resulting set of 
equations was solved using SPEEDUP™. 

RESULTS 

In order to demonstrate the feasibility of thermal swing separations for a ternary 
supercritical mixture, a pair of Langmuir adsorption isotherms was generated using the 
data of Tan and Liou 3 . Non-competing isotherms for two hypothetical components have 
been constructed, whose slope varies slightly from that reported for toluene. We have not 
adjusted the isotherm constants to account for density changes, as the resulting alterations 
in isotherm slope will not significantly effect the outcome of this demonstration. The feed 
concentration was assumed to be 1.0 mmoI/L as reported by Tan and Liou. 

The pore diffusivity used in this analysis was determined by the Renkin equation 4 , 
the axial dispersion coefficient calculated by assuming a constant Peclet number of 0.2, 

and the mass transfer coefficient from the bulk to the particle surface calculated by the 

•20 

correlation of Wakao and Kaguei . The product of the heat capacity and density of the 
solid phase was taken to be the same as that used by Raghavan and Ruthven . The 
density of the fluid phase was assumed to be that of pure C0 2 and was calculated from 
data provided by the Dionix Corporation in their AI-450 SFC software. Constant 
pressure heat capacities for the mobile phase were also assumed to be that of pure C0 2 
and were taken from Brunner 5 . 

The model parameters listed in Table 1 were used in each simulation and are in an 
appropriate range for supercritical C0 2 systems. Table 2 shows the model parameters 
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which were varied in the three phases of a thermal swing cycle. This in effect accounts 
only for the large changes in thermal conductivity with temperature. 

The parameters described result from writing the model equations in dimensionless 
form, and are defined as 



8 = 


-AH 

RJo’ 



p f Cp f uL 

" k l 


Y= t^PSi 

PfCPfTo 



k f R„ 


D 



*0 


Vo 

1+Vo ’ 


, Pf C Pf 

p s c Ps 


Table 1 

Constant Dimensionless Model Parameters 


Qo component 1 1 *^6 

8 component 1 

27.2 


4.38 X Iff 8 

Qo component 2 2.98 

^ component 2 

13.33 

p 

145.013 

Pe,„ 700.93 

Pei, 


700.93 

a 

1.672 

Table 2 






Temperature Dependent Dimensionless Model Parameters 



Feed Temperature K 

vpo 

initial 

<l» 


y 

313.15 

1.0 

1.192 

3.19 


4.845 X 10' 5 

333.15 

1.064 

1.0 

0.8248 


1.762 X 10- 4 

373.15 

1.192 

1.064 

0.2887 


4.494 X Iff 4 


Figures 1-3 show the concentration and temperature breakthrough profiles for the three 
phases of a thermal swing cycle. 


Figure 1 




324 


Figure 2 



Dimensionless Time (tDp/R p 2 ) 


Figure 3 



In Figure 1, a cold feed is the influent for a hot column and the thermal wave 
(dashed line) is seen to have a higher velocity than either solute. Figure 2 describes the 
breakthrough profiles for an initially cold column with an intermediate feed temperature, 
where the thermal wave velocity is faster than only one solute velocity. In Figure 3, the 
thermal wave is shown to exit the column more slowly than either solute, for a column 
initially at an intermediate temperature with a hot influent. 
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Thus in a sufficiently long column, the faster moving solute will be concentrated at 
the region between the cold and intermediate temperatures and the solute with a slower 
velocity between the intermediate and hot temperatures. 

EXPERIMENTAL SETUP 

A processing scheme for recycled thermal swing separation of a ternary mixture 
has been synthesized, and the existing pilot facilities are in the process of being retrofitted. 
Figure 4 shows a simplified P&ID for a system comprised of three thermal reservoirs 
which supply a reciprocating diaphragm compressor. A surge vessel is used to suppress 
pump pulses and facilitate pressure control, and is provided for each temperature to 
minimize mixing of the thermal fronts. 

Figure 4 



DISCUSSION 

Thermal swing operations appear to have potential in systems employing 
supercritical solvents. The dramatic alterations in thermal conductivity of these fluids in 
response to density changes at constant pressure allows temperature to be the 
thermodynamic variable cycled in driving the separation. Thermal swing separations 
appear to have potentially less utility in other media since for gaseous systems pressure 
can be cycled much more rapidly and in liquid systems concentration generally has a 
greater effect on the distribution between solid and liquid phases 6 . Temperature cycling is 
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considered here because it allows for ease in application of the driving force for separation 
and imparts no contaminants to the system. 

Operation of thermal swing systems for separation in the traveling wave mode 
(thermal wave propagation through the adsorbent bed) seems to be restricted to gas/dense 
gas regimes, because of the inability to adjust the velocity of the thermal wave in liquid 
systems. Liquid systems generally require the use of fixed temperature zones. 

The model is currently being refined to better allow for concentration related 
changes in the velocity of the shock waves, as well as improvements in modeling the 
density dependent parameters of the simulation. Work continues on the determination of 
adsorption and desorption isotherms for several ternary systems, as well as the thermal 
and mass transfer characteristics for the column and media being employed. Accurate 
determination of the model parameters will be required for optimization of the of the 
operational regime. 


Glossary 


b 0 = adsorption equilibrium constant 

at feed conditions, cm’/mole 
C 0 = feed concentration, mole/cm 3 4 

Cp f = fluid-phase heat capacity, cal/g°C 

Cp, = solid-phase heat capacity, cal/g °C 

D l = axial mass dispersion coefficient, 

cm 1 2 /sec 

D p = pore mass molecular diffiisivity, 
cm 2 /sec 

A H = heat of adsorption, cal/mole 

k f = mass transfer coefficient, cm/s 

K l = axial heat dispersion coefficient, 

cal/cm-sec-°C 


L = axial length, cm 

q a = solid phase concentration in 

equilibrium with feed, mole/cm 3 
R g - ideal gas constant, cal/mole-K 

R p = particle radius, cm 

p f = fluid density, g/cm 3 

p t = density of solid, g/cm 3 

T = fluid temperature, K 

T 0 = fluid feed temperature, K 

t = time, sec 

u = interstitial velocity, cm/sec 


1 Wankat, P. C.; Dore, J. C., Multicomponent Cycling Zone Adsorption, Chemical Engineering Science, 1976, 31, 
921-927. 

2 Raghavan, N. S.; Ruthven, D. M. Dynamic Behaviour of an Adiabatic Adsorption Column, Chemical Engineering 
Science, 1984, 39(7-8), 1201-1212. 

3 Tan, C. S', Liou, D. C., Adsorptive Equilibrium of Toluene from Supercritical Carbon Dioxide on Activated 
Carbon. Ind. Eng. Chem. Res., 1990, 29(7), 1412-1415. 

4 Lee, C. H.; Holder, G. D., Use of Supercritical Fluid Chromatography for Obtaining Mass Transfer Coefficients in 
Fluid-Solid Systems at Supercritical Conditions, Ind Eng. Chem. Res., 1995, 34, 906-914 

’Brunner, G. Gas Extraction. SteinkopfFDarmstadt Springer, New York, 1994. 

4 Kirkland, J. J. (ed ), Modem Practice of Liquid Chromatography. Wiley (Interscience), New York, 1970. 
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Monte Carlo Simulation for Distribution Equilibrium between Supercritical Fluid 
and Slit Pores 

Takeshiro Shigeta and Tomoshige Nitta 

Department of Chemical Engineering, Faculty of Engineering Science, 

Osaka University, Toyonaka, Osaka, 560 JAPAN 

Abstract 

Monte Carlo simulation techniques are used for calculating the distribution coefficients 
of benzene between supercritical C0 2 and slitpores at infinite dilution. The Lennard-Jones 
potential model is used for representing the pair interactions between C0 2 , benzene, and 
graphite carbon. The effects of temperature, slitwidth, and benzene-surface interaction potential 
on the distribution coefficients are explored at constant density and constant pressure. 


1. INTRODUCTION 

The supercritical fluid chromatography (SFC) is now widely used for the analytical 
separation for its rapidity, flexibility, and the ability to allow the analysis of substances which 
cannot be analyzed by the conventional gas chromatography [1-3], Though the phase 
equilibrium of supercritical fluid is complicated, the understanding of the distribution behavior 
of solutes between the stationary and the mobile phases at the supercritical condition is 
needed for designing SFC. The distribution coefficient of a solute at a supercritical region, 
K 2 , which is the key thermodynamic property for the chromatography, shows different 
characteristics from gas or liquid chromatography. Recently, experimental data of K 2 in the 
supercritical region have been analyzed by use of an equation of state combined with the 
Langmuir equation [4] or the solution theory [5]; however, molecular approach is needed for 
better understanding of the distribution behavior. 

Followed by the rapid development of computer power, Monte Carlo (MC) and molecular 
dynamics (MD) simulation methods have been applied to many fields so as to connect the 
microscopic interaction model with the macroscopic properties, such as pVT relation, phase 
equilibria and so on [6]. They have also been used to analyze the adsorption characteristics 
of supercritical fluid [7-9]; however, the simulation studies for adsorption phenomena in 
supercritical fluid mixtures are still limited. 

In the present work, we performed MC simulations at different operation conditions, 
constant fluid density and constant pressure, for calculating K 2 to investigate the distribution 
behavior in the supercritical region. We selected C0 2 . benzene, and graphitic slitpore as a 
model system by adopting the Lennard - Jones (LJ) potential function for intermolecular 
interactions. 
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2. SIMULATION MODEL AND PARAMETERS 


The LJ pair potential between gas molecules i and j, <j> tJ (r), separated by distance r is 
given in Eq. (1). 


<t>ij(r) = 




0 ) 


The potential function of molecule i interacting with a solid surface, </>/Z), is described by 
the so called '10-4-3' potential [10], 

\io 


0,(Z) = 4*4, 


3A(Z + 0.61A) 


( 2 ) 


where Z is the normal distance between a molecule and a surface passing through the atomic 
centers of a basal plane, A ls (= £i s a} s /a,) is a constant, a s the surface area of a graphite basal 
unit, and A the spacing between adjacent graphite basal planes. The potential energy <E>-(Z) 
for molecule i located at distance Z is calculated as 


nz) — ? tyijiVij) + 4(Z) + ■ Z) (3) 

j 

where H is the slitwidth of the pore defined as the distance between the carbon centers of the 
surface planes. The suffix j runs over different molecules in the pore. The pair potential is 
cut off at a distance of min[3.5a M , LI2], where L is the length of a simulation box and a 22 is 
the LJ size parameter of benzene. The 

long range correction is applied to the fluid Table 1 LJ parameters and binary parameters for simulation 
phase but not to the pore region where 
the cut-off radius is essentially 3.5a 22 . 

The LJ parameters, eJk and a, have 
been determined from the critical 
constants, T c and p c , by adopting the 
recommendation of Nicolas et al. [11]: 
kTJt = 1.35 and p c a 3 /e = 0.142. However, 
different values for the potential depth of 
benzene, £ 22 , have been determined so as 
to fit the vapor pressure at temperatures 
from 307.2 K to 553.2 K. The LJ 
parameters used in this work are summarized in Table 1, where the parameters for graphitic 
carbon atom are taken from those suggested by Steele [10], We used the modified Lorentz - 
Berthelot rule for the cross parameters, that is, the arithmetic mean for a and the geometric 
mean for e by introducing the binary parameter k :j defined as Eq. (4). 

= V Eifijj (1 * kjj) (4) 

The values of k i; listed in Table 1 are the same as those used in the previous work [9]. 
The value of k 2s is varied as -0.15,0.0, and 0.15 in the present work for studying the effect of 
adsorption energy of an adsorbate. 




elk [K] 

cr[nm] 

co 2 ( 1 ) 


225.3 

0.3910 

C 6 H 6 (2> 

[307.2 K] 

470.5 

0.5506 


[553.2 K] 

425.0 


Carbon (s) 


28.0 

0.340 


k u = 0.1232, k ls = 0.170, k^ = - 0.15, 0.0, 0.15 
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3. SIMULATION METHODS 

3.1 Distribution coefficient and residual chemical potential 

The distribution coefficient of benzene, K 2 , between the pore and the fluid phases is 
defined as the ratio of the molar concentration of benzene in the pore phase, P 2 ,p> to that in 
the fluid phase, p 2 ,f, at infinite dilution in both phases. 

K 2 = (P2, p / P2.r = ex p{(At2?f - /4?p)“ < w} (5) 

The residual chemical potentials of benzene, p[ C j and p^p. ar| d that of C0 2 in the fluid 
phase, pf“ are calculated by Widom's test particle insertion method, Eq. (6) [6], which has 
been embedded in all the simulation programs. 

p- es = - kT \n(exp(-&j/kT)) (6) 

where <• • •> denotes the ensemble average and is the potential that a test particle inserted 
feels from other molecules (and walls in case of a pore phase). 

3.2 Calculation procedure 

The NVT (constant p f ) and the NpT (constant p) ensembles are used for simulating the 
fluid phase while the pVT ensemble is used for the pore phase. The strategy of calculating K 2 
at infinite dilution both in the pore and in the supercritical C0 2 is as follows: 

(i) to carry out the NVT or the NpT ensemble MC simulation for pure C0 2 fluid. During the 
simulation, test molecules of C0 2 and benzene are inserted for calculating p[ e f s and p^f. 

(ii) to calculate the chemical potential of C0 2 , p,, by specifying the mole fraction of C0 2 to 
be unity. 

p, - kT lnpf + pf e f s (7) 

where p f * (=CT u 3 p f ) is the dimensionless fluid density. 

(iii) to carry out the pVT ensemble MC simulation for pure C0 2 in a pore of different 
slitwidths, H = 1.2, 1.5, and 2.0 nm, by specifying the set of variables, p,, V p and T. Test 
molecules of benzene are inserted to calculate p|“ during the simulation. 

(iv) to calculate K 2 through Eq. (5) from pfj and p^p. 

For calculations at constant fluid density, p, * is set at 0.2 (5.53 mol/1) and 0.3 (8.29 
mol/1). For calculations at constant pressure, the reduced pressure, p * (=pa n 3 /s n ), is set at 
0.2 (10.39 MPa) and 0.3 (15.59 MPa). The temperature is varied from 307.2 K to 553.2 K. 
We used 256 particles in both the NVT and the NpT ensembles and 200~400 particles in the 
pVT ensemble for the single component (C0 2 ) system. In the pVT simulation, one cycle 
consists of 700 displacements and the number of trials for particle transfer (creation or 
destruction) per displacement step is chosen within 5 and 10. The first 1000 cycles were 
discarded and the last 3000 cycles were used for ensemble averages. 
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Fig. 1 Distribution coefficient of benzene against 
reciprocal temperature at constant fluid density: 
p* = 0.2 and 0.3; slitwidth H = 2.0 nm. 



Fig. 3 Distribution coefficient of benzene against 
reciprocal temperature at constant pressure: P*- 
0.2; slitwidth H = 1.2, 1.5, and 2.0 nm 


Fig. 2 Distribution coefficient of benzene against 
reciprocal temperature at constant pressure: p*= 
0.2 and 0.3; slitwidth H = 2.0 nm 



1000 /T [K 1 ] 

Fig. 4 Distribution coefficient of benzene against 
reciprocal temperature at constant pressure: p*= 
0.2; k^= -0.15,0.0, and 0.15 


4. RESULTS AND DISCUSSION 
4.1 Results for distribution coefficients 

Figure 1 shows log K 2 at constant fluid density, p f * = 0.2 and 0.3, against the reciprocal 
temperature, 1000/7’. Both curves increase linearly with increasing reciprocal temperature 
(decreasing temperature), and the curve at p f * = 0.2 is higher than that at p f * = 0.3. 

Figure 2 shows log K 2 at constant pressure, p* = 0.2 and 0.3. Both curves at the constant 
pressures show a maximum and then decrease with decreasing temperature; the curve at 
higher pressure, p* = 0.3, has a maximum at 403.2 K while the curve at lower pressure, p* = 
0.2, shows a maximum at 343.2 K and then it rapidly decreases with decreasing temperature. 

Figure 3 shows the effect of the slitwidth on K 2 at constant pressure, p*= 0.2, against 
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1000/7. In Fig. 3, log K 2 increases with a decrease in slitwidth since the benzene-surface 
interaction potential becomes deeper with a decrease in slitwidth. 

Figure 4 shows the effect of benzene-surface interactions parameter, k^, on K 2 at p*= 0.2 
for the slitwidth H = 2.0 nm. Negative value of k ls means that the solute molecule has larger 
adsorption energy. In Fig. 4, the curve of K 2 increases with decreasing fc, s as expected. 

4.2 Density effect on residual chemical potential 

In addition to the simulation data for K 2 , which were presented in the above sections, the 
simulation outputs provide more information to look insight into the factors influencing K r 
According to Eq. (5), K 2 is evaluated from the exponential of the difference between fj^pkT 
and p^p JkT. Therefore, it is important to know how the residual chemical potentials of 
benzene in two phases change with the temperature and densities. 

Figure 5 shows the pore density of pure C0 2 , p p *, and the residual chemical potentials of 
benzene, pffikT and pJf.l/kT, against the reciprocal temperature at constant fluid density, p f * 

= 0.2 and 0.3; the slitwidth of a pore is 2.0 nm. The solid lines represent the calculated 
results at p f * = 0.2 and the broken lines those at p f * = 0.3. The open and gray keys stand for 
the fluid and the pore phases, respectively. 

In Fig. 5(a) two lines for p p * increase almost linearly with an increase in 1/7 and the 
solid line is lower than the broken line. It is noteworthy here that the difference between two 
lines for p* decreases with decreasing temperature though the difference for p * is constant. 
This indicates that the pore has been filled so 
as to resist further loadings in the low 
temperature region. 

In Fig. 5(b), one important feature is that 
the two lines for the fluid phase are negative, 
which indicates that the benzene molecule is 
controlled by the attractive interactions with 
surrounding C0 2 . In addition, the lines for 
the pore phase are much more negative than 
those for the fluid phase, which means that 
the benzene molecule is stabilized more 
through the interactions with wall surfaces. 

Another important feature of Fig. 5(b) is the 
reverse relation between the solid and the 
broken lines for the two phases; that is, the 
solid line for nffikT is higher than the broken 
line while the solid line for p^pkT is lower 
than the broken line. 

According to Widom’s test particle 
method for calculating p£ s lkT, the test 
molecules (benzene) inserted in each 
simulation do not influence the molecular 
movements of pure C0 2 in any sense. Fig. 5 (a)Pore density of CO, and (b)residual chemical 
Therefore, the stabilization of a test molecule potentials of benzene in fluid and pore phases at 

in the fluid phase occurs through two constant fluid density(Q -p* = 0.3, 

conditions; (i) the increase in the number of P* = 0-2); slitwidth = 2.0 nm 
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C0 2 molecules interacting with a test molecule and (ii) the existence of holes accommodating 
the test molecule. One plausible configuration for supercritical C0 2 to fulfill both conditions 
is the assembly of clusters of C0 2 molecules having dense and sparse regions. If the fluid 
density increases much more, the number of holes will decrease in the fluid; therefore, the 
residual chemical potential of a solute will go up, which we may call the repulsive-interaction- 
controlling state in the high density region. 

In the case of slitwidth H = 2.0 nm, the pore consists of four C0 2 layers; two layers near 
the walls are the monolayers and others are in the middle region. When the monolayers are 
almost saturated with C0 2 molecules, the number of holes available for a test benzene 
molecule in the monolayers decrease dramatically. The decrease in the number of holes in 
the monolayers makes the pore phase to be repulsive-interaction-controlling, which results in 
the higher value of 11 %^/kT as the pore density of C0 2 increases. 


5. CONCLUDING REMARKS 

The distribution coefficients of benzene, K 2 , between slitpores and supercritical C0 2 
phases at infinite dilution have been calculated by use of the MC simulation techniques and 
the effects of the temperature, operation conditions, slitwidth and k 2s have been investigated. 
The curves of log K 2 show almost linear dependence with the reciprocal temperature at the 
condition of constant fluid density, while they show a maximum at constant pressure. The 
decrease in kj s and slitwidth result in the increase of K r The effects of density on the residual 
chemical potentials, from which K 2 is evaluated, are remarkably different between the pore 
and the fluid phases; that is, gets stabilized with increasing fluid density since the 
number of C0 2 molecules interacting with a benzene molecule increase with the fluid density, 
while /i^p becomes unstable with increasing pore density mainly because the number of 
holes for benzene molecules decrease in monolayers where the benzene molecule is most 
stabilized through interactions with wall surfaces. 
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Removal of Xanthines from Cacao 

Josef Sebald, Josef Schulmeyr and Manfred Gehrig 
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1 INTRODUCTION 

Removal of stimulants like caffeine from (green) coffee beans and black tealeafs is practised 
since the beginning of the century because of potential health hazards to consumers. Since 
about 15 years supercritical Carbon dioxide is used as solvent. 

In 1982 a method has been presented to remove xanthines like theobromine, theophylline and 
caffeine from cacao products [1] working very similar to the procedures applied to the decaf- 
feination of coffee and tea. The authors intend to reduce the quantity of xanthines, but like to 
keep the content of valuable cacao butter unchanged. For this purpose they suggest to swell 
the cacao material (nibs) with water to about 40 % w/w and extract the undesired components 
with Carbon dioxide They claim that the concentration of theobromine is reduced, caffeine is 
removed completely without affecting the cacao butter. 

Li et al [2] are trying to improve the extraction process adding a co-solvent, ethanol, to 
Carbon dioxide to enhance the concentration of caffeine and especially of theobromine in the 
solvent by orders of magnitude thus reducing time and quantity of solvent to be cycled In the 
same way the concentration of cacao butter in the solvent is increased Consequently the 
xanthines and fats are extracted simultaneously Moreover they monitored solubilities of the 
important ingredients theobromine, caffeine and cacao butter. 

Brunner et al [3] used shells from the production of cacaomass having a composition of 1 % 
theobromine, 0,1 % caffeine, 5 % fat and 8 % water. They are stating that theobromine can be 
extracted from the shells to some extend without adding water but for the extraction of caf¬ 
feine one needs to increase the moisture content to about 50 % In all cases large quantities of 
solvent are needed. Being a waste product and used as source for the xanthines only the con¬ 
tent of butter has no importance. 

The results presented in the literature can be summarised shortly: 

• Theobromine and caffeine can be extracted from cacao nibs with carbon dioxide after 
swelling of the nibs with water without affecting the concentration of cacao butter 

• Theobromine and caffeine can be extracted out of cacao nibs with carbon dioxide adding 
ethanol as cosolvent in much shorter times. Simultaneously cacao butter is extracted 

• Theobromine and caffeine can be extracted out of cacao shells with carbon dioxide after 
swelling the shells with water. Large quantities of solvent are to be cycled 
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With some screening tests we tried to verify the findings summarised above. It turned out that 
none of the procedures described in the cited literature is feasible for the demand removal of 
the xanthines without a reduction of cacao butter (being a valuable component of the cacao 
mass). According to our investigations it is possible to remove caffeine from swollen nibs but it 
is not possible to reduce theobromine by simply using Carbon dioxide. The procedure of Li et 
al. [2] is not suitable because of the coextraction of cacao butter Only with a combination of 
the approaches cited above the scope claimed already in the patent specification EP 61 017 [1] 
can be achieved: 

2 EXPERIMENTAL EQUIPMENT 

Tests have been performed in a lab scale plant with extraction vessels with a volume up to 1 1 
For scaling up procedure a pilot plant with extraction vessels with volumes of 200 1 has been 
used 

3 TEST PROGRAM 

For the tests roasted cacao nibs have been used with the following composition 


Theobromine 

Caffeine 

Theophylline 

cacao butter 

% w/w 

% w/w 

% w/w 

% w/w 

1,17 

0,12 

traces 

52 


The effects of parameters influencing 

the solubility of the components in the solvent like 

• extraction pressure 

• extraction temperature 

• addition of entrainers 

• composition of the entrainer 

and the diffusion in the cells to the surface like 

• swelling with water 

• grinding 

have been investigated in screening tests. 

In the tables monitoring the effects of changing the single parameters all results represent the 
average of at least two tests. In the tables the concentrations of the ingredients of the starting 
material are given in % w/w. The variations of the concentrations as a result of the test runs 
are monitored as relative figures: Reduction of the components (e. g. 100 % minus concentra¬ 
tion of theobromine after the treatment to concentration of theobromine in the starting mate¬ 
rial). 

3.1 Screening tests 

3.1.1 Influence of the extraction pressure 

From our experience in the decaffeination of coffee and tea and the extraction of oils and other 
valuable ingredients from natural materials it has been deducted that pressures between 250 
and 400 bars will be suitable for the extraction of the nibs. Because of the limiting design 
pressure of larger production plants for all tests the extraction pressure was fixed to 300 bars 
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3.1.2 Influence of the extraction time 


extraction temperature, °C 
relative solvent flow, kg/kg 
entrainer 

composition of the entrainer 
pre-treatment of the raw material 


60 

Variation 
water and ethanol 
1 : 1 

swelling of the nibs with water to a content of 20 % 
w/w, no grinding 

The extraction time is presented as quantity of solvent flowing through the material, because 
not the time but the solvent performs the extraction Circulated solvent and extraction time are 
proportional via the flow rate of the solvent To allow comparison of tests with different 
quantities of starting material the relative quantity of solvent is used as parameter (relative 
quantity of solvent=quantity of solvent/quantity of starting material). 


relative quantity of 
solvent 

Theobromine 
% w/w or 
reduction 

Caffeine 
% w/w or 
reduction 

Theophylline 
% w w or 
reduction 

cacao butler 
% w 'w or 
reduction 

starting material 

1,17 

0,12 

traces 

52 

75 kg/kg 

20% 

90% 

not detectable 

15 % 

150 kg/kg 

50% 

95% 

not detectable 

15% 

300 kg/kg 

65% 

not detectable 

not detectable 

15 % 


Result: Caffeine can be reduced nearly complete with a comparatively small quantity of sol¬ 
vent. Theobromine can be reduced to 1/3 of its original concentration only with large quanti¬ 
ties of solvent under the applied conditions Cacao butter is lost to a considerable and not tol¬ 
erable extent. 

3.1.3 Influence of the extraction temperature 


extraction temperature,°C 
relative solvent flow, kg/kg 
entrainer 

composition of the entrainer 
pre-treatment of the raw material 


Variation, 60 and 90 °C 
150 

water and ethanol 
1 : 1 

swelling of the nibs with water to a content of 20 % 
w/w, no grinding 


extraction temperature 

Theobromine 
% w/w or 
reduction 

Caffeine 
% w/w or 
reduction 

Theophylline 
% w 'w or 
reduction 

cacao butter 
% u >'w or 
reduction 

starting material 

1,17 


traces 

52 

60 °C 

50% 

95% 

not detectable 

15 % 

90 °C 

60% 

98% 

not detectable 

20% 


Results: Higher extraction temperatures favour the reduction of the xanthines, unfortunately 
also the loss of cacao butter. 
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3.14 Influence of the entrainers and their composition 


extraction temperature, °C 
relative solvent flow, kg/kg 
entrainers 

composition of the entrainer 
pre-treatment of the raw material 


60 

150 

Variation: no entrainer, water and ethanol 
Variation: 1:1 and 1:2 

swelling of the nibs with water to a content of 20 % 
w/w (see table), no grinding 


en trainers and pre¬ 
treatment 

Theobromine 
% w/w or 
reduction 

Caffeine 
% w/w or 
reduction 

Theophylline 
% w/w or 
reduction 

cacao butter 
%o w'w or 
reduction 

starting material 

1,17 

0,12 

traces 

52 

dry CO 2 no swelling 

(-53 %) 

(-50 %) 

traces 

65% 

water, no swelling 

2% 

90% 

traces 

15% 

water, swelling 

5% 

90% 

traces 

15% 

water+ethanol 1:1, 
swelling 

50% 

95% 

not detectable 

15% 

water+ethanol 1:2, 
swelling 

38% 

95% 

not detectable 

15% 


Result: Extraction of dry nibs with pure CO 2 seems to increase the concentration of the ingre¬ 
dients apparently. In reality the quantity is kept unaltered but gets higher because of the loss of 
cacao butter (this is contrary to the results of Li and Hartland) Independently to the pre-treat¬ 
ment and to the composition of the co-solvent the reduction of caffeine reaches about 90 %. 
Theobromine is reduced remarkably only with ethanol as co-solvent. Only with the knowledge 
of later tests the worse reduction of theobromine at a composition of the co-solvent of 1:2 
watenethanol can be understood: The concentration of ethanol in CO 2 becomes too small 

3.1.5 Influence of a pre-treatment of the starting material: Swelling with water 


extraction temperature, °C 
relative solvent flow, kg/kg 
entrainer 

composition of the entrainer 
pre-treatment of the raw material 


60 

150 

water and ethanol 
1 : 1 

Variation: swelling of the nibs with water to a 


pre-treatment 

Theobromine 
% w/w or 
reduction 

Caffeine 
% w/w or 
reduction 

Theophylline 
% w/w or 
reduction 

cacao butter 
% w 'w or 
reduction 

starting material 

1,17 

0,12 

traces 

52 

no swelling 

50% 

95% 

not detectable 

15% 

swelling 

45% 

95% 

not detectable 

15% 


Results: Pre-treatment of the nibs with water slightly impairs the reduction of theobromine 
Caffeine removal is not affected. 
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3,1.6 Influence of a pre-treatment of the starting material: Grinding 


extraction temperature, °C 
relative solvent flow, kg/kg 
entrainer 

composition of the entrainer 
pre-treatment of the raw material 


60 

150 

water and ethanol 
1 : 1 

swelling of the nibs with water to a content of 20 % 
w/w 

Variation: no grinding/grinding with a coffee mill 


pre-treatment 

Theobromine 
% w/w or 
reduction 

Caffeine 
% w/w or 
reduction 

Theophylline 
% w/w or 
reduction 

cacao butter 
% w/w or 
reduction 

starting material 

1,17 

0,12 

traces 

52 

no grinding 

50% 

95% 

not detectable 

15% 

grinding 

42% 

95% 

not detectable 

18% 


Results: These results may be unexpected on a first glance. One can speculate that grinding 
smears over the cacao butter thus preventing to some extent the diffusion of the xanthines con¬ 
centrated in the soldid parts of the nibs. 

3.17 Conclusions from the screening tests 

• Xanthines like theobromine and caffeine can be extracted out of (roasted) cacao nibs using 
carbon dioxide and a mixture of water and ethanol as entrainer With dry CO 2 the xanthines 
cannot be removed. 

• Caffeine can be reduced to about 10 % of its original level with solvent flow of less than 70 
kg/kg starting material. The addition of ethanol as cosolvent wouldn’t be necessary but ac¬ 
celerates the process. 

• Reduction of theobromine needs water and ethanol as cosolvents and a solvent flow of at 
least 150 kg/kg. 

• Water acts as inhibitor for the extraction of cacao butter, but some losses cannot be 
avoided. Without water as cosolvent, butter and xanthines are extracted simultaneously 
Therefore it is preferred to inject a mixture of water and ethanol to CO 2 before it enters the 
extraction vessel 

• Higher extraction temperatures favour the extraction velocity thus the flow of solvent can 
be diminished for a fixed level. A maximal temperature of 90 °C seems to be suitable with¬ 
out causing deteriorations of the nibs. 

• Swelling of the starting material does not improve the extraction 

• Grinding also does not improve the extraction 

3 2 Optimisation tests 

The results of the screening tests are elucidating that caffeine can be removed sufficiently but 
the reduction of theobromine needs too much solvent (long extraction times and thus high 
costs) Also the losses of cacao butter are not yet satisfying. 
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As potential candidate for improvements the increasing of the concentration of the cosolvents 
in CO 2 seem to be attractive in the screening tests the concentration of ethanol was not larger 
than 2 % w/w with respect to CO 2 ). The solubility of water in CO 2 is limited but there is no 
miscibility gap between ethanol and CO 2 at extraction conditions. Increasing the concentration 
of ethanol in CO 2 thus changes drastically the ratio of water to CO 2 in the solvent The com¬ 
position of the feed must be adjusted to the solubility in CO 2 in order to prevent that remain¬ 
ing, not dissolved water is precipitated and wets the nibs. Additionally a vessel has been in¬ 
stalled before the extraction vessel to trap exceeding water. 

3.2.1 Influence of higher concentrations of ethanol in CO 2 


extraction temperature, °C 
relative solvent flow, kg/kg 
entrainer 

composition of the entrainer 
concentration in C02 
pre-treatment of the raw material 


90 

150 

water and ethanol 

and Variation: CO 2 saturated with water, ethanol 
concentration changing 
no swelling, no grinding 



Theobromine 
% w/w or 
reduction 

Caffeine 
% w/w or 
reduction 

Theophylline 
% w/w or 
reduction 

cacao butter 
% w w or 
reduction 

starting material 

1,17 

0,12 

traces 

52 

concentration of 





ethanol in CO 2 





5,26 % 

70% 

not detectable 

not detectable 

17% 

6,84 % 

89% 

not detectable 

not detectable 

19% 

9,52 % 

97% 

not detectable 

not detectable 

25% 


Results: Increased concentrations of ethanol in CO 2 accelerate the reductions of the xanthines 
considerably. Caffeine is removed completely. Unfortunately the loss of cacao butter is large 
Additional tests have shown that the reductions received in the test with a concentration of 
6,84 % ethanol can be balanced with smaller concentrations of 5,26 % ethanol only in twice 
the time (or twofold the flow of solvent). Higher temperatures would even reduce the 
extraction time but the limit will be close to 90 °C because of possible damage of the nibs 
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1. INTRODUCTION 

Furfural is produced by hydrolysing pentoses of several natural products. 
As a by-product, furfural is also formed during decomposition of wood in paper 
mills. It must be separated from the aqueous effluent rapidly or secondary reac¬ 
tions wall cause an increasing furfural loss by polymerisation or polyconden¬ 
sation. Distillative separation methods lead to a diminished recovery of furfural 
of only 35%. 

Recovery of furfural and acetic acid from aqueous effluents of a paper mill 
has successfully been achieved on an industrial scale by a process based on the 
extraction of furfural and acetic acid with the solvent trioctylphosphinoxide 
(TOPO). Both products must be upgraded by distillation. 

The recovery and purification of furfural from aqueous effluents by high- 
pressure extraction is of technical interest. Alternative extraction tests with 
supercritical carbon dioxide were carried out [1,2], Further research [3-5] led to 
the conclusion that carbon dioxide is a good alternative to organic solvents with 
comparable and even better extraction results. For all these experiments the 
system furfural - water without acetic acid was used. 

In the present research program the high-pressure extraction of furfural 
from aqueous effluents, considering the multi component system furfural - acetic 
acid and water, has been studied. Solubilities of furfural in supercritical CO2 
were measured at different temperatures and pressures. Furtheron phase equi- 
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librium data with consideration of the effect of acetic acid on the extractability of 
furfural have been investigated. 

2. MATERIALS AND METHODS 

2.1. Materials and Chemicals Used for Investigation 

Furfural (C 5 H 4 O 9 ): Furfural was bought from Merck Company (Merck no. 
804012). It is not stabilised and before application it must therefore be purified 
by distillation. 

Acetic acid (C gHqOg): 100% acetic acid from Merck Company (Merck no. 
63) was used. 

Potassium hydroxide solution (KOH): Acetic acid concentrations were ana¬ 
lysed by titration with 0.1 M Titrisol® solution of potassium hydroxide (Merck 
no. 9921.0001). 

Carbon dioxide (CO g): The experiments have been performed with carbon 
dioxide of technical grade from Linde Company. 

Water (H g O): Deionized water, produced by a neutralising plant, has been 

used. 

Recording Spectrophotometer: The furfural concentration has been deter¬ 
mined with the Shimadzu recording spectrophotometer UV 160A. 

Titration: Acetic acid has been analysed by titration with 0.1 M KOH with 
the titration processor Titralab™ from Radiometer Copenhagen. 


2.2. Experimental Evaluation of Solubility Measurement 

For the solubility measurements of furfural in compressed CO 2 a high- 
pressure equilibrium cell with a total volume of 300 ml was used. This cell can be 
operated up to 400 bar at 373 K. To achieve good phase contact on one hand a 
magnetic stirrer is placed on the bottom of the cell and on the other hand the 
C 02 -phase is withdrawn from the top of the cell and recycled at the bottom (see 
figure 1). In this cycling loop a 6 -port HPLC valve including a 200 pi sample loop 
and a pneumatic piston pump are installed. For taking samples under 
equilibrium conditions the volume of the sample loop is expanded into a cooling 
trap and dissolved in a solvent, in this case methanol. This methanol-furfural 
mixture was analysed by spectrophometry and the solubilities were calculated by 
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the concentration of the cooling trap and the CO 2 volume of the sample loop. 
CO 2 data were calculated using the equation of Bender [6,7]. 


6-port-HPLC-valve 
with 200 pi sample loop 



pneumatic 
piston pump 


Figure 1. Scheme of high-pressure cell for solubility measurements 


2.3. Experimental Evaluation of Equilibrium Data 


For the determination of equilibrium data a high-pressure reactor with a total 
volume of 530 ml was used. This reactor can be operated at a maximum pressure 
of 325 bar at 473 K and is equipped with a reciprocating stirrer for better phase 
contact. Samples can be taken as well from the liquid phase at the bottom as 
from the CO 2 phase at the top of the reactor. In this work a defined volume of the 
liquid phase was withdrawn for analytical purpose and the amount of substances 
dissolved in the CO 2 phase was calculated via mass balance. 


3. RESULTS AND DISCUSSION 

3.1. Solubility of Furfural in Supercritical CO 2 

The solubilities of furfural in supercritical CO 2 were determined in the equi¬ 
librium cell at temperatures of 298, 313 and 333 K within a pressure range of 80 
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to 340 bar. With the experimental results the parameters for the equation of 
Chrastil [8] (see equation 1) were calculated. Figure 2 shows the measured 
solubilities of furfural in CO 2 as well as the calculated data by the equation of 
Chrastil. 


c = pk exp(a/T + b) (1) 

with concentration c [g/1], CO 2 density p (g/1), temperature T (K) and the calcu¬ 
lated parameters k, a and b for furfural are: 

k = 7.485; a = 2116.29; b = -52.41 

As demonstrated by Figure 2, the solubility of furfural in CO 2 increases with 
increasing pressure but decreases with increasing temperature. 



Figure 2. Experimental solubilities of furfural in supercritical CO 2 and 
with equation of Chrastil calculated data 


3.2. Phase Equilibrium of the Quaternary System Furfural-Acetic Acid- 
Water-CC >2 

The ternary system furfural-water-C02 has been studied before in dif¬ 
ferent research works [1,2,9], In this project the influence of acetic acid on the 
distribution of furfural was determined. According to the results of the solubility 
measurements temperatures were adjusted at 298 and 313 K and the equilibria 
were investigated at pressure levels of 90, 130 and 160 bar. Furtheron the con- 
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centrations of furfural (1, 2 and 4 wt%) and of acetic acid (0, 3, 5, 7 and 10 wt%) 
were varied. 


O 0 w t% HAc □ 3 w t% HAc a 5 w t% HAc + 7 w t% HAc x 10 w t% HAc 



Figure 3. Influence of acetic acid on the furfural distribution at 160 bar 
and 298 K 

The effect of acetic acid on the distribution of furfural is significant as 
shown in figure 3. Acetic acid has modifier properties up to a concentration of 
5 wt% and enhances furfural extraction. Further increase of acetic acid concen¬ 
tration results in a loss of these modifier properties. This effect is present at all 
studied temperature and pressure levels. The distribution of furfural was calcu¬ 
lated with equation 2. 

c Fu,C02 = n(K c Fu ,L) n (2) 

The coefficient K in equation 2 is the distribution coefficient based on Law of 
Mass Action and a plot of K versus acetic acid concentration at 298 K and dif¬ 
ferent pressures is given in figure 4. It is obvious that increasing pressure results 
in higher solubility of furfural in CO 2 and that the optimum acetic acid concen¬ 
tration of 5 wt% is independent from pressure. 

The influence of furfural on the distribution of acetic acid is the other way 
round, because increasing concentrations of furfural result in decreasing solu¬ 
bility of acetic acid in CO 2 . Furtheron increasing temperature reduces as well 
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furfural as acetic acid solubility but acetic acid has again maximal modifier 
properties for furfural at 5 wt%. 



0123456789 10 


concentration of acetic acid [wt%] 


Figure 4. Modifier properties of acetic acid for furfural by K value at 298 K 
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ABSTRACT 

The solvent supercritical carbon dioxide offers unique possibilitys, like non-toxicity and there¬ 
fore reduction of environmental pollution or access to low-temperature processing resulting in 
additional process safety. Therefore knowledge to the influence of modifiers of the solubility of 
the polar substances is important for evaluating novel manufacturing techniques like the RESS 
or GAS-process. Dynamic supercritical fluid extraction of pentaerythrite-tetranitrate (PETN), 
nitroguanidine (NIGU) and cyclo-trimethylene-trinitramine (RDX) with pure and modified 
carbon dioxide indicated that all explosives except nitroguanidine were extracted though for 
cyclo-trimethylene-trinitramine and 3-nitro-1,2,4-triazole use of modifiers proved to be 
necessary. The results show the high capacity of modified supercritical carbon dioxide as a 
solvent in RESS and GAS processes. 


1 INTRODUCTION 


Supercritical carbon dioxide is a good solvent for a variety of substances. Due to low tempe¬ 
ratures and pressures being necessary to achieve supercritical conditions, production 
techniques work under relatively mild conditions III. Another important feature of supercritical 
carbon dioxide is the gaslike viscosity causing favourable transport porperties, so that for 
example supercitical fluid extractions (SFE) are achieved faster than with traditional methods. 
Carbon dioxide is intoxic and so incurs less costs for disposal than conventional organic 
solvents 121. 

Hence the use of supercritical carbon dioxide as a solvent for propellants and drugs is 
discussed both in analytical chemistry /3, 4/ and processing technology 15, 61. 

In contrast to conventional disposal techniques like burning, recycling of propellants prevents 
pollution and does not waste the high energetic content of the material /3/. Despite high in¬ 
vestment costs, recycling of propellants might be a more economical alternative. 
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Production of fine, solvent free powders is of great importance in the pharmaceutical industry 
151. Conventional techniques produce particles with broad particle size distributions. Moreover, 
particles may be irregular or contain solvents. Hence the development of procedures such as 
Rapid Expansion of Supercritical Solutions (RESS) or the Gas Antisolvent Recrystallisation 
(GAS) is in progress 15, 6/ 


2 FUNDAMENTALS 


Considering the phase equilibrium between liquid and gas phase, the allotment of the liquid 
phase rises with increasing pressure. An increase in temperature therefore diplaces the 
allotment of the liquid phase in favour of the gas phase. 

As pressure and temperature increase, the properties of the gas and liquid phase, for example 
density or dielectricity, get to be more and more identical. The critical point is defined as the 
temperature (T c : critical temperature) and pressure (p r : critical pressure) at which the proper¬ 
ties of the phases become identical and so merge into a single, supercritical phase. The critical 
point is a specific parameter for a substance and for carbon dioxide it is at T c = 31.3 °C and p c 
= 73.8 bar/l/. 

The solvent capacity of supercritical carbon dioxide changes with the variation of density and 
so it can be easily modulated by the variation of pressure. Adding small amounts of co-solvents 
(modifiers) changes the chemical and physical properties, like the solvent capacity or the 
critical point. To ensure supercritical conditions it is thence crucial to know the critical 
parameters as a function of the modifier concentration. Table 1 lists the critical pressure and 
temperature as a function of the co-solvent concentration in carbon dioxide/2/. 


Table 1: Critical parameters of modified carbon dioxide 111 


Mol% 

Modifier 

Aceton 

Methanol 

Ethanol 

n-Propanol 

i-Propanol 

n-Butanol 


T c in 

Pc*" 

T c in 

P c in 

T> 

p c in 

T c in 

Pc® 

T c in 

Pc'" 

T c in 

Pcin 


°C 

bar 

°C 

bar 

°C 

bar 

°C 

bar 

°C 

bar 

°C 

bar 

1 

34.7 

77.9 

32.7 

76.5 

32.7 

76.6 

35.5 

76.8 

34.5 

76.2 

36.5 

80.3 

2 

36.8 

79.7 

34.7 

78.2 

Baca 

78.3 

39.1 

80.5 

37.4 

79.3 

42.5 

87.5 

4 

43.7 

85.7 

37.7 

81.7 


84.3 

47.2* 

90.0* 

43.5 

85.1 

56.1* 

108* 


*: 3.77 Mol% n-propanol. **: 3.34 Mol% n-butanol 
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3 EXPERIMENTAL 


Picture 1 shows the device for extracting samples using supercritical carbon dioxide/modifier 
mixtures. Extractions were made at 300 bar, 50 °C in 30 minutes and with modifier concen¬ 
trations not exceeding 4 mol%, thus ensuring supercritical conditions (tab. 1). 


valve 

pump 


reduction 

valve 


valve 

mixing 


pressure sensor 


©— 


I 1 valve 

r 

*-l — H 


f 

i —“ eitractioncell 


fr 


a l 

_pump 


i U 

T 

thermoelement 





thermoelement 

-/ft) 


oven 

Volume flow counter 


thermoelement 


—r 


Restrlktor heating 


Cooling davlc* 


Mwilier rmnifr , 



rmcroWter 






Picture 1: Apparatus for extracting samples using supercritical carbon dioxide/modifier 
mixtures. 

The supercritical fluid flushes the extraction cells with a volume of 10 ml and is then expanded 
in the restrictors. In order to prevent the drive out of solid particles, there are frits with 5 pm 
pore size at the ends of the extraction cell. With fluid expansion, extracted particles precipitate 
and are kept in the vials which contain an organic solvent for sampling. Measured average 
carbon dioxide currents at the end of the extractor were 12 liters at a temperature of 28 °C and 
1 bar pressure, resulting in a current of 0.81 ml/min carbon dioxide at the above-metioned 
extraction conditions. 

Extracts were cured with ultrasound for several minutes in order to separate remaining carbon 
dioxide from the washing solution and then they were quantitatively analysed with an HPLC 
apparatus made by Hewlett Packard, type 1048 B. 

Recovery R is defined as shown in equation 1. 


R = 


^ Extrakl, Solut 

m 


• 100 


( 1 ) 


Total, Solut 
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Table 2 lists mutual solubilities of the samples with different modifers for comparison with the 
extraction results. Table 3 lists the standard melting points and standard dipol-moments of the 
samples. 


Table 2: Properties of modifiers and mutual solubilitys with samples at 1 bar 


Solvent 

Dipolemoment 

(gasphase) 

inD/8/ 

Melting point 
in °C /8/ 

Solubility of 
Cyclo-trimethylene- 
trinitramine 
in g/100 g< B ° c > 

Solubility of 
Pentaerythrit- 
tetranitrate 
ing/lOOg 123 ° c > 

Solubility of 

3-Nitro-l ,2,4-triazole 
ing/100g (23 ° c) 

Acetone 

2.88 

56 

4.021 

14.922 

1.331 

Acetonitrile 

3.92 

81.6 

6.811 

18.664 

0.403 


1.66 

82 

0.054 

0.040 

0.007 

[ Methanol 

1.70 

65 

0.48 

0.500 

0.387 


Table 3: Properties of the samples 


Sample 

Nitroguanidine 

3-Nitro-l,2,4- 
triazole 

Pentaerythrit- 

tetranitrate 

Cyclo- 

trimethylene- 

trinitramine 

Structure 

,nh 2 

HN=C 

"nh no 2 

.no 2 

iQi 

N 

0 2 N0'— v. y - ONO 2 

0 2 N0——ono 2 

0 2 N^ ,no 2 

V 

1 

no 2 


246 /8/ 

183-186/9/ 

141.3 /8/ 

204 /8/ 

Dipolemoment 
(Dioxan) in D 

6.95 /8/ 

6.74 191 

2.48 /8/ 

5.79 /8/ 


4 RESULTS 


Diagram 1 shows the recovery of cyclo-trimethylene-trinitramine as a fiinction of the modifier 
concentration. Without co-solvents, the recovery of cyclo-trimethylene-trinitramine is about 
0.8 percent, thus indicating complete insolubility in supercritical carbon dioxide. Small amounts 
of cyclo-trimethylene-trinitramine recovered may be due to material driven out with a particle 
diameter smaller than the diameter of the frits at the end of the extraction cell. 

Except for ethanol, all modifiers enhance the solvent capacity of the extraction fluid at 2 mol% 
and 4 mol%. Still, large enhancements only occur with carbon dioxide modified with 
cyclohexanon and especially with acetonitrile. 

The influence of different modifiers on extraction efficiency with a concentration of 4 mol% is 
pointed out in diagram 2. With pure supercritical carbon dioxide,only pentaerythrit-tetranitrate 
is recovered. Recovery of the other samples is below 1 %, indicating no mutual solubilities 
with supercritical carbon dioxide. Using modifiers, recoveries of nitro-triazole and cyclo- 
trimethylene-trinitramine can be greatly enhanced. 
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For example, a mixture of 4 mol% 2-propanol with carbon dioxide extracts up to 35 percent of 
nitro-triazole and a mixture of 4 mol% acetonitrile extracts up to 95 percent of cyclo- 
trimethylene-trinitramine. 

Different modifiers lead to different effects for the samples, thus indicating the specific 
interactions between modifier and solute. 

The comparison of the results with the mutual solubilities of solute and modifier at standard 
conditions (table 2) and with the standard dipole moments (table 2, 3) proves, that there is no 
correlation and therefore suitable modifiers must be found empirically. Chemical interactions 
dominate strongly, so that there is no possibility to correlate the influence of dipole moments 
with solubility. 

Results indicate the good potential for pentaerythrit-tetranitrate in establishing the RESS 
process for the production of fine particles. The GAS process could be more suited for particle 
formation of nitroguanidine, cyclo-trimethylene-trinitramine and nitro-triazole. If additional 
small amounts of modifiers are acceptable, then the flexible handling of both RESS - and GAS- 
process can be proposed for cyclo-trimethylene-trinitramine and nitro-triazole. 
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ABSTRACT 

Solubilities of several organic solids in four supercritical fluids are calculated with Soave 
and Peng-Robinson equations of state, incorporating excess Gibbs free energy into the mixing 
rules, with Heidcmann-Kokal, Wong-Sandler and MF1V2 procedures. Three excess Gibbs free 
energy models are used in the mixing rules: NRTL, UN1QUAC and UN1FAC. Furthermore, a 
comparison between these mixing rules and conventional two-binary-parameter form and 
modification of the excluded volume parameter in the MHV2 procedure is also presented. 
The best result were obtained with NRTL model and the Wong-Sandler mixing rule. 

keywords: equation of state, supercritical fluids, mixing rules. 


1. INTRODUCTION 

The design and development of supercritical extraction processes depend on the ability to 
model and predict the solubilities of solid solutes in supercritical solvents. The prediction is 
usually difficult due to the large differences in sizes and molecular interactions between the 
solvent and solute molecules. 

Cubic equations of state (EOS), which have been extensively applied in vapor-liquid 
equilibrium calculations, have been also used in computing the solubilities of solids in 
supercritical fluids by Johnston et al. (1), Haselow et al. (2). They suggested that there is a 
need to develop new mixing rules. The prediction for phase equilibria using the EOS-G e 
models, combining excess free energy (G r ) models and EOS at zero pressure standard state 
has been actively studied. These mixing rules have been extensively discussed for vapor- 
liquid equilibria calculations. There have been only scattered attempts to apply these mixing 
rules to supercritical calculations (Sheng et al. (3)). 

The aim of this paper is to explore the feasibility of the three nixing rules: Wong-Sandler 
(4), Heidemann-Kokal (5) and MHV2 (Dahl-Michelsen (6)) to the solid-fluid equilibria 
occurring in the binary systems composed of a organic solid and four supercritical fluids, with 
the calculations of solubility and density of the mixture. 
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2. MIXING RULES 

The SRK (Soave (7)) and PR (Peng-Robinson (8)) equations of state, have been used for 
all mixing rules investigated. The three different mixing rules are extensively described in the 
references. The results are compared to those using the traditional Van der Waals mixing 
rules suggested by Soave (9). A modification for the mixing rules of the excluded volume 
parameter in the MHV2 mixing rule, have been presented. In this case a deviation of the 
linear combination is considered, with two additional parameters. 

The different mixing rules and nomenclature used are described in table 1. The simplex 
algorithm modified by Nelder-Mead (10) is used to fit the model parameter to experimental 
solubility. 


Table 1 

Models used to compare mixing rules 


method 

mixing rule 

G b model 

EOS 

Ml 

Wong-Sandler 

NRTL 

SRK 

M2 

Wong-Sandler 

NRTL 

PR 

M3 

MHV2 

NRTL 

SRK 

M4 

MHV2 

NRTL 

PR 

M5 

MHV2 

UNIFAC 

SRK 

M6 

MHV2 

UNIFAC 

PR 

M7 

MHV2 

UN1QUAC 

SRK 

M8 

MHV2 

UN1QUAC 

PR 

M9 

Heidemann-Kokal 

NRTL 

SRK 

M10 

Heidemann-Kokal 

NRTL 

PR 

Mil 

Heidemann-Kokal 

UNIFAC 

SRK 

M12 

Heidemann-Kokal 

UNIFAC 

PR 

M13 

Heidemann-Kokal 

UNIQUAC 

SRK 

M14 

Heidemann-Kokal 

UN1QUAC 

PR 

M15 

Empirical Rules 

- 

SRK 

M16 

Empirical Rules 

- 

PR 

M17 

MHV2* 

NRTL 

SRK 

M18 

MHV2' 

NRTL 

PR 


quadratic mixing rules for the covolume-parameter 


3. RESULTS 

In the present study, we tested the validity of the EOS-G e models by applying different 
treatments for 21 binary solid/supercritical fluid systems listed in table 2. In those systems, 
the supercritical component is one of the following fluids: carbon dioxide, ethane, fluoroform 
and chlorotrifluoromethane; and the solid component is either a nonpolar compound 
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(naphthalene, biphenyl or phenanthrene) or a polar compound (acridine, benzoic acid or 1,4- 
naphthoquinone). 


Table 2 

Summary of binary systems studied 


mixture 

data 

T 

(K) 

mixture 

data 

T 

(K) 

d)/( 2 ) 

points 

( 1 )/( 2 ) 

points 

C0 2 / Phenanthrene 

5 

318 

C 2 H<-, / Acridine 

6 

308 

C0 2 / Benzoic acid 

9 

308 


10 

318 


12 

318 


9 

328 


12 

328 

CC1F 3 / Phenanthrene 

4 

318 


7 

343 


4 

328 

CO 2 / 1,4-Naphthoquinone 

6 

318 

CC1F, / Naphthalene 

7 

308 


6 

328 


7 

318 


6 

343 


7 

328 

C0 2 / Acridine 

6 

308 

CC1F 3 / Benzoic acid 

6 

318 


8 

318 


7 

328 


7 

328 

CCIFj / 1,4-Naphthoquinone 6 

318 


7 

343 


6 

328 

CTh / Phenanthrene 

6 

318 

CCIF 3 / acridine 

5 

318 


6 

328 


5 

328 

C 2 H 6 / Naphthalene 

15 

308 

CHF 3 / Phenanthrene 

4 

318 


12 

318 


4 

328 


14 

328 

CHF 3 / Naphthalene 

6 

308 

C 2 T4 / Biphenyl 

5 

308 


6 

318 


5 

318 


6 

328 

C 2 Hft / Benzoic acid 

8 

308 

CHF 3 / Benzoic acid 

5 

318 


8 

318 


5 

328 


7 

328 

CHF 3 /1,4-Naphthoquinone 6 

318 


7 

343 


6 

328 

C 2 H(i / 1,4-Naphthoquinone 7 

308 

CHF 3 / Acridine 

6 

318 


7 

318 


6 

328 


7 

328 

CHF 3 / Anthracene 

3 

328 


7 

343 


3 

343 


Data source: Schmitt-Reid (11) 


The pressure range of about 60-360 bar and temperature range from 35-70 °C are involved. 
Table 3 reports the results of the solubility calculations with 18 selected models. An 
important point must be emphasized: the Wong-Sandler mixing rule coupled with the 
UNIQUAC model generated a serious instability such that it was impossible to converge. 
Table 4 illustrates the variation of solid solubility and mixture density for a typical binary 
mixture. 
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Table 3 

Average absolute deviation (percent) of solute solubility (y) and mixture density (p) 


Model 

%y 

%p 

Model 

%y 

%p 

Ml 

7.25 

11.31 

M10 

23.42 

5.78 

M2 

6.74 

5.50 

Mil 

22.09 

10.56 

M3 

26.79 

10.78 

M12 

21.38 

8.57 

M4 

29.55 

6.28 

M13 

20.52 

10.88 

M5 

26.61 

11.54 

M14 

23.60 

4.60 

M6 

29.07 

10.59 

M15 

24.10 

10.37 

M7 

16.64 

11.51 

M16 

26.65 

5.59 

M8 

17.28 

6.55 

M17 

19.36 

8.96 

M9 

21.95 

10.42 

Ml 8 

12.94 

3.11 


Table 4 

C0 2 /ACR1DINE - performance for solute solubility (y) and mixture density (p) 


Model 

%y 

%p 

Model 

%y 

%p 

Ml 

4.45 

14.61 

M10 

13.68 

3.86 

M2 

4.26 

5.10 

Mil 

13.63 

18.81 

M3 

11.56 

14.42 

M12 

14.05 

3.86 

M4 

17.62 

5.07 

M13 

13.06 

8.87 

M5 

13.62 

10.80 

M14 

20.76 

3.32 

M6 

17.78 

5.07 

M15 

13.74 

14.30 

M7 

10.83 

8.86 

MI6 

14.38 

5.17 

M8 

16.15 

4.06 

M17 

8.96 

10.81 

M9 

13.51 

14.41 

M18 

7.41 

3.84 


4. CONCLUSIONS 

The following comments summarize our observations on the performance of these mixing 
rules: 

1. The most successful method is M2, with a 6.4% mean deviation in solid solubility; 

2. Regarding the solid solubility, the EOS influence is inconclusive (for some mixing rules 
Peng-Robinson was the best, while for others ones, Soave); 

3. Soave equation gives rather deviations in mixture density with all mixing rules; 

4. Wong-Sandler mixing rule is extremely sensitive to the initial parameters estimation, 
such that with the UNIQUAC method it was not capable to converge in most of the 
mixtures; 

5. In order to use the UNIQUAC pure parameters in all the mixing rules, it was necessary 
to regress them, because its value obtained from group contribution did not perform 
well; 
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6 . Attempts to use the G 1 interaction parameters available in literature did not work, 
neither as initial estimation; 

7. We use the quadratic mixing rule for the covolume parameter in the MHV2 method, 
instead of the original linear development. This modification largely increases the 
performance, as can be noticed on table 4, when we compared the prediction of M3 and 
Ml7 methods, as well as M4 and Ml8 methods; 

8 . Comparing two adjustable parameters only, the classical mixing rules (Ml5, M16 
methods) give the same performance as more complicated rules (M9, M10, M3 and M4 
methods); 

9. It should be noted that as temperature increases, it does not mean a corresponding 
increase in the average absolute deviation solubility; 

10. The results given in table 3 clearly indicate the lack of relationship between mixture 
density and solid solubility quality calculations; 

11 . To attempt phase equilibria predictions in regions where experimental results are not 
available, methods with no adjustable parameters for each binary system can be 
analyzed (M5, M6, Ml I and M12). The M12 method provides better predictions. 
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Different plants including spearmint ( Mentha spicata L.), rosemary ( Rosmarinus 
officinalis L.), dill ( Anethum graveolens L.), clary sage ( Salvia sclarea L.) and chamomile 
(Matricaria chamomilla L.) were extracted with CO 2 in a high pressure apparatus with 5 L 
extractor vessel volume. Fractionation of extracts was carried out by releasing the separation 
pressure at two stages. The extracts were separated into essential oil rich ‘oil’ and fatty/waxy 
products. The extracts were collected as separate samples successively in time. The extraction 
with carbon dioxide was compared to conventional steam distillation (essential oils) and to 
Soxhlet extraction with hexane (fatty oils). 


1. INTRODUCTION 

Plants and plant extracts have been used as medicine, culinary spice, dye and general 
cosmetic since ancient times. Plant extracts are seen as a way of meeting the demanding 
requirements of the modem industry. In the past two decades, much attention has been 
directed to the use of near critical and supercritical carbon dioxide solvent, particularly in the 
food pharmaceutical and perfume industries. CO 2 is an ideal solvent because it is non-toxic, 
non-explosive, readily available and easily removed from the extracted products. At present 
the major industrial-scale applications of supercritical fluid extraction (SFE) are hop 
extraction, decaffeination of coffee and tea, and isolation of flavours, fragrances and other 
components from spices, herbs and medicinal plants f 1-4], 


* This work was supported by OTKA (Hungarian National Science Foundation) under grant 
numbers T007693 and TO 16880. 
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2. EXPERIMENTAL 


2.1. Materials 

Commercial dried medicinal plants, leaves of spearmint and rosemary, fruits of dill, 
leaves and flowering tops of clary sage and flowers of chamomile were used. The CO 2 used 
in this work was 95-96% (w/w) pure and supplied by Messer Griesheim Hungaria. 

2.2. Apparatus and extraction 

The air-dried plants were ground and extracted with carbon dioxide in a high pressure 
apparatus equipped with 5 L volume extractor vessel. Fractionation of extracts was carried 
out by releasing the separation pressure at two stages. A more detailed description of the 
apparatus and extraction is given extensively elsewhere [5], 1000 g of the plant material was 
weighed accurately and supplied into the extraction vessel. The desired temperature and 
pressure were adjusted and CO 2 feed was started. The accumulated product samples were 
removed and weighed at certain time intervals. Two or three parallel experiments were made 
at each extraction and separation circumstances. 


2.3. Analysis 

Standard methods were used for the determination of moisture, essential oil (hydro¬ 
distillation) and oleoresin (hexane Soxhlet extraction) content of the raw and residual plant 
materials. The moisture content and yields obtained by different extraction methods are given 
in Tablel. Volatile oil contents of the fractionated extracts were also determined by steam 
distillation. The analysis of particle size distribution was performed by passing the ground 
plant material through sieves of various mesh size and weighing the fraction taken from each 
tray. 


Tablel 

The percentage amounts of the moisture and different extracts (w/w% on the basic of dry 

weig ht) of plant materials __ 

Plant Moisture Hydro- Hexane SFE products 

_ distillation extraction 


Spearmint 

11.2 

0.6 


1st sep. 
2.5 

2nd sep. 
0.8 

Rosemary 

11.6 

1.3 

- 

2.8 

1.3 

Dill 

15.2 

2.5 

12.8 

8.5 

4.4 

Clary sage 

9.5 

0.2 

5.49 

2.8 

1.8 

Chamomile 

3.5 

0.2 

- 

3.3 

2.4 


SFE parameters (pressure (P), temperature (T)): extractor P =300 bar, T =40 °C; 
1st separator P =76-78 bar, T =32-34 °C; 2nd separator P= 20-22 bar, T= 20-25 °C. 


Thin layer chromatography (TLC) was used for quick comparison of the various samples 
(Silicagel-GF 254 , toluene-ethylacetate (93:7), hexane-ethylacetate (95:5), dichloromethane- 
ethylacetate-acetone (95:3:2), chloroform-methanol (90:10), UV (365 nm) and normal light 
detection after derivatization). 

The volatile compound identification was carried out by injecting 2 pi of diluted extract 
(200 pi oil + 1500 pi hexane) into a Hewlett - Packard Gas Chromatograph- Mass 
Spectrometer (GC-MS) equipped with a HP-1 capillary column. Injector temperature was 
maintained at 250 °C. Column temperature was kept at 100 °C for 4 min and programmed 
from 100 °C to 250 °C at 7 °C/min. N 2 at the flow rate of 0.543 ml/min was used as a carrier 
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gas. For the qualitative and quantitative analysis of essential oil rich products, we used gas 
chromatography (Jeol JGC 1100, FID-detector, packed column coated by 3 % OV-17 on Gas 
chrom Q of 100-120 mesh) and Shimadzu 14 GC 30m*0.25 mm capillary column, stationary 
phase OV 54, dfH).26pm. 

3. RESULTS AND DISCUSSION 

Major components and compositions of CO 2 extracted and distilled spearmint oils are 
shown in Table 2. A comparison of composition of the produced spearmint oils with the 
composition of other mint oils (published in the literature [6]) shows that a very special 
population was investigated. In particular, carvone and its related compounds and pulegone 
have been found as main components. Gas chromatografic analysis showed significant 
differences in composition of the SFE products and the distilled oil. The distilled essential oil 
contained more dihydrocarvone and less pulegone than the CO 2 extracted counterpart. 

Table 2 


Comparative chemical composition of Mentha spicata oil obtained by SFE and steam 
distillation (% of peak area) _ 



SFE 

samples 


Hydro- 

Compound 1 

2 

3 

average 

distillation 

a-Pinene +p-Pinene 2.6 

tr 

tr 

1.4 

0.9 

Limonene 6.5 

2.2 

tr 

4.1 

4.7 

Dihydrocarvone 3.4 

2.9 

1.9 

3.0 

9.5 

Carvone 31.5 

33.5 

28.6 

31.7 

33.9 

Pulegone 34.9 

43.8 

50.3 

40.1 

31.9 

tr = trace < 0.2 % 





The compositions of distilled and SFE extracted rosemary oils 

are compered in Table 3. 

Table 3 





Comparative chemical percentage composition (w/w%) of rosemary (Rosmarinus officinalis 

L.) oil produced by SFE and Hydrodistillation (Run5) 



Compound 

Hydrodistillation 

SFE 


a-Pinene 

15.8 


13.4 


Camphene 

3.7 


2.7 


p-Cimene 

1.3 


1.3 


Limonene 

4.3 


5.0 


Cineol 

16.8 


17.3 


Linalool 

1.9 


1.5 


Champhor 

11.4 


14.5 


Borneol 

7.7 


8.2 


Terpine-4-ol 

0.9 


1.0 


a-Terpineol 

2.2 


2.2 


Verbenon 

11.0 


15.0 


Fencol 

1.7 


1.0 


Caryophyllene 

1.8 


2.6 
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Examinations of the volatile constituents of the rosemary oils resulted in the conclusion 
that distilled and SFE product contain the same components. Although the concentrations are 
different in the products somewhat higher levels of more volatile components (pinene, 
camphene) were found in the distilled oil. While the concentrations of camphor and verbenon 
were higher in SFE product. 

The rosemary extracts were collected as separate samples succesively in time. Each of 
them was analysed separatively and the results are listed in Table 4. The concentrations of a- 
pinene, champhene, p-cimene and limonene decreased with extraction time, while that of the 
oxygeneted derivatives (cineol, linalool, camphor, bomeol and verbenon) increased 
significantly. 

Table 4 

Major components and percentage composition (w/w%) of rosemary oil subsequent samples 
(Run 6) _ 


Compound 



SFE 




6/1 

6/2 

6/3 

6/4 

6/5 

a-Pinene 

15.1 

14.9 

15.1 

4.5 

1.3 

Champhene 

3.1 

2.9 

2.7 

0.9 

0.3 

p-Cimene 

1.5 

1.5 

1.3 

0.7 

0.1 

Limonene 

5.9 

5.3 

4.9 

2.3 

0.5 

Cineol 

17.4 

16.7 

18.4 

16.3 

16.9 

Linalool 

1.7 

1.1 

1.6 

1.7 

2.1 

Champhor 

14.3 

13.4 

14.1 

16.8 

19.7 

Bomeol 

7.5 

8.2 

7.6 

10.0 

10.9 

Terpinene-4-ol 

1.0 

1.3 

1.2 

- 

- 

a-Terpineol 

2.0 

2.3 

2.3 

2.8 

2.6 

Verbenon 

13.8 

13.5 

15.26 

20.0 

23.9 

Fencol 

1.2 

0.9 

0.7 

0.9 

08 

Caryophyllene 

2.7 

2.7 

2.7 

2.4 

1.4 


Table 5 gives the percentage of the major components of dill 'oil' obtained as subsequent 
samples by SFE and composition of the distilled oil. 

Table 5 


Comparative chemical composition of dill oil (% of peak area, Run3 


Compound 

3/1 

3/2 

SFE 

3/3 

3/4 

average 

Hydrodistillation 

a-Pinene 

tr 

tr 

tr 

tr 

tr 

3.4 

a-Phellandrene 

tr 

tr 

tr 

tr 

tr 

0.2 

Limonene 

56.6 

24.6 

12.1 

9.1 

42.6 

55.7 

trans-Dihydrocarvone 

0.6 

2.5 

2.1 

8.2 

1.9 

1.2 

cis-Dihydrocarvone 

2.8 

6.0 

4.1 

10.3 

4.2 

3.5 

D-Carvone 

39.3 

66.9 

79.6 

69.2 

50.2 

36.5 


tr = trace < 0.2 % 
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Examinations of the volatile constituents of the different ‘oils’ (See Tables 2, 4 and 5) 
resulted in the conclusion that the concentrations of the terpene hydrocarbons (pinene, 
limonene) decreased with extraction time, while that of the oxygenated derivatives 
(champhor, verbenon, carvone) increased significantly. Thus the extraction was initially rapid 
for the less polar terpene hydrocarbons. 

Table 6 


Comparative chemical composition of the volatile oils of different plants obtained by 
hydrodistillation and SFE _ 


Plant 

Compound 

Hydrodistillation 

% 

SFE products 
% 

Lavandin [7] 

Linalool 

46.0 

31.0 

(Lavandula intermedia Em.) 

a-Terpineol 

3.6 

- 


Linalyl acetate 

20.4 

37.5 


Geranyl acetate 

4.3 

7.2 

Clary sage 

Linalyl acetate 

15.9 

23.6 

(Salvia sclarea L. ) 

Linalool 

25.0 

3.9 


a-Pinene 

0.8 

5.19 

Thyme [8] 

p-Cimene 

7.2 

14.3 

(Thymus vulgaris L.) 

y-Terpinene 

5.2 

24.9 


Thymol 

62.5 

13.3 


Carvacrol 

16.3 

33.3 

Chamomile 

Farnesene 

20.1 

7.8 

(Matricaria chamomilla L.) 

a-Bisabolol 

25.5 

6.4 


En-in-dicycloethers 

11.7 

30.3 


Herniarin 

1.7 

10.0 


Chamazulene 

6.6 

- 


Matricin 

- 

* 

Coriander [5] 

Pinene 

15.3 

7.7 

(Coriandum sativum L.) 

Linalool 

68.5 

75.5 

Celery [5] 

Limonene 

50.5 

33.4 

(Apium graveolens L.) 

3-Butylphthalide 

23.6 

40.6 

Parsley [5] 

a-Pinene 

24.0 

1.5 

(Petroselinum crispum Mill.) 

P-Pinene 

21.9 

3.0 


Myristicin 

7.4 

4.0 


Apiole 

38.5 

84.9 


* matricin was identified by TLC 
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Alteration of essential oil components during distillation can be recognised by comparing 
the oils obtained by steam distillation and SFE (See Table 6). The hydrolysis of esters (e.g. 
linalyl acetate) to the corresponding alcohols was observed in lavandin and clary sage oils. 
The hydrolysis of thymol bound in glycosides resulted different thymol concentrations in 
thyme oils, which was proved by appropriate treatments (acidic and enzymatic) of the 
previously COi extracted plant material. In the distillation of the oil of chamomile flowers 
the blue chamazulene, an artefact was produced from the colourless matricin, while 
chamazulene was missing in the SFE extract. Numerous changes in the composition of 
distilled oils, like formation of a-terpineol, terpinen-4-ol in the lavandin oil and 
dihydrocarvone in the spearmint oil have no certain explanation and need further research. 

The fatty/waxy products contained the lipophilic substances, including fatty oils, waxes, 
resins and colorants. Valuable pharmacological effects were proved for some minor 
constituents of these products (e.g. triterpenes, diterpenes, sterols and carotenoids). Thin layer 
chromatography and on-line UV-VIS spectroscopy were used for the quick identification and 
quantity determination of these compounds using authentic samples as standards. The SFE 
method proved favorable in terms of both extraction yield and speed of carotenoids. The CO 2 
extracts of the lavandin, clary sage and thyme have been enriched in triterpenic compounds 
(a-es p-amyrin, oleanic acid, ursolic acid, etc.) and phytosterols. Both free and esterified 
triterpenoids were present in the extracts of the different samples. Furthermore camosol and 
other diterpenes were detected in the SFE extract of Lamiaceae plants. The fatty acid 
composition was only slightly different for extracts obtained by SFE and conventional hexane 
extraction. 
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Kinetics of Extraction of Macroporous Solid Bodies with a Dense Gas 
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647, E-08028 Barcelona 

ABSTRACT 

The extraction of toluene and 1,2 dichlorobenzene from shallow packed beds of porous 
particles was studied both experimentally and theoretically at various operating conditions. 
Mathematical extraction models, based on the shrinking core concept, were developed for three 
different particle geometries. These models contain three adjustable parameters: an effective 
diffusivity, a volumetric fluid-to-particle mass transfer coefficient, and an equilibrium solubility 
or partition coefficient. K as well as Kg were first determined from initial extraction rates. 
Then, by fitting experimental extraction data, values of the effective diffusivity were obtained. 
Model predictions compare well with experimental data and the respective value of the 
tortuosity factor around 2.5 is in excellent agreement with related literature data. 

1. INTRODUCTION 

Modelling the extraction of porous solids is of increasing interest for scale-up calculations in 
various applications of supercritical fluid technology. Among them are the extraction of spices, 
the degreasing of metallic parts, the cleanup of contaminated soils, etc. So far seeds have been 
mostly considered as porous bodies when mathematical modelling has been attempted [1-2], 
According to the studies of various authors[3-6], the shrinking core concept is very useful for 
predicting extraction time of a packed bed of seeds. 

In this work extraction models are developed for three different particle geometries using the 
shrinking core concept. Model calculations will be compared and fitted to extraction data of 
toluene and 1,2 dichlorobenzene (DCB) from shallow packed beds in order to obtain values of 
the effective diffusivity (D e ) and the tortuosity factor. 

2. EXPERIMENTAL SECTION 

Sintered metalic particles (pellets) were first impregnated with toluene and DCB and then 
extracted from shallow (differential) fixed bed using SC C02- Complete curves of weight 
fractions extracted vs time were determined as a function of the following operating variables: 
pressure, temperature, fluid flow rate, flow direction of fluid and particle size. The 
experimental setup and procedures are described in detail elsewere [7] and will not be discussed 
here. The specifications of the fixed beds and particles used as well as the range of operating 
variables studied were: temperature ranged from 310-360 K, pressures from 8 to 20 MPa, and 
fluid velocities from 0.6 to 6.7.10"^ m/s (at column conditions). Solutes used were either 
toluene or DCB impregnated on small or large cylinders, porous in nature. The equivalent 
sphere diamaters were 1 and 2 cm, respectively. During flow of fluid across the pellet packing 
the values of dimensionless numbers were Re = 8-90, Gr = 0.35-20.10^ and Sc = 1.5-10. 
Further details on the experiments are given in [7], 
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3. EXTRACTION MODELS 

The present models describe the extraction of porous particles completely filled with a liquid 
solute. The dissolution of liquid is followed by intraparticle diffusion up to the particle surface 
and then by external diffusion through a solvent boundary layer into the flowing solvent bulk. 
Three different particle geometries were modeled: spheres, cylinders with ends mechanically 
sealed and cylinders with open ends available for extraction. 

Frequently, the concept of the shrinking core is applied to quantify the dynamic dissolution rate 
of the liquid core in the particles [3-6]. When the solute concentration is much higher than the 
solubility of the solute in the solvent as in our case, a sharp liquid-solvent boundary is likely to 
exist and the liquid core shrinks regularly with the progress of the extraction. 

In order to derive fundamental equations of the extraction process, the following assumptions 
have been made: 

- P, T, Vscf and £b are constant (K, D e and Kq are isotropic) 

- The external interfacial area is taken to be that of the pore mouths, as we assume that external 

mass transfer only takes place through the liquid-solvent surface of the pore mouths. 

- The change of fluid concentration in the pores with time is taken to be neglegible with respect 
to the change with radial position (pore diffusion is considered to be pseudo stationary 


- For cylinders with open ends, superposition of the two extreme cases of extraction either 
through the ends (as in a flat plate) or in radial direction was postulated to be valid. 

The resulting fundamental expressions are given for the case of cylindrical geometry with 
sealed ends for an integral packed bed without axial dispersion: 


1) Mass balance in the bulk fluid phase 

|(Cr-C g ) 


8C g | udC G = 2 c 

R P 




dt 


dz 


e B 


2) External mass transfer 


dN) 

= 2jte p RLK G (C R -C G ) 
d t 


3) Pore Diffussion 


D e 3 ")_ 


r dr ^ dr 

4) Mass transfer rate in the pores 


dN 
' dt 


2rcr G LD t 


dCj 
’ dr 


( 1 ) 


( 2 ) 


(3) 


(4) 
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5) Dissolution of liquid core 


(-?H" p '-v cL (-if) rc 

6) Extracted mass fraction 


X = 



N 0 



7) Initial and boundary conditions 


r = R Q = Cr 
r = r c Q = Cq 
t = 0 Cg = 0 

r = R 


(5) 


( 6 ) 


(7) 

( 8 ) 

(9) 


Using equations (4) through (9), the unknown concentration Cr can be eliminated and a 
system of linked differential equations for the fluid concentration Cq and the core radius r c is 
obtained. 


8) Resulting equation system for cylinders with open ends 
Concentration in the fluid phase 


d C G _ 2 
3t R p 


i~ £ b 

e B 


e p ln| 


K G De 

;i)rk g -d. 



uSCq 

dz 


( 10 ) 


Radius of liquid core 


dfC _ K _1_ RKoCte \ 

* "CcrcepJlcW-De 1 °" g) 
p V R J u 


( 11 ) 


Numerical solution of equations was performed for a differential bed model using the IMSL 
integration subroutine DIVPAG (method of Gear). 

4. EVALUATION OF MODEL PARAMETERS 


The system of differential equations describing the extraction of porous particles with SC CO 2 
contain 3 adjustable parameters: external mass transfer coeficient (Kg)> a solute solubility (K) 
and an effective diffusivity of solute in the pores. In order to avoid simultaneous fitting of these 
parameters that may result in non significant values, the following strategy was adopted to 
reduce the number of adjustable parameters. 
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4.1 Solubilities in SC CO2 

Solubility of toluene in SC CO 2 can be found in the literature [8]. In a previous study in our 
laboratory, the solubility of DCB in SC CO 2 was measured by [9] and was thus available. 
Figure 1 gives the solubilities (mol fraction) of DCB in SC CO 2 vs pressure calculated for 3 
temperatures using the Peng-Robinson EOS with an interaction parameter ki2 = 0.1175 



Figure 1 Estimated solubilities of DCB in SC Figure 2 Comparison of predicted vs 
CO 2 experimantal mass transfer data using the 

correlation. 

4.2 External mass transfer coefficient 


Solution of the shrinking core model at zero time (t=0) depends only on two parameters: the 
solubility of solute in SC CO 2 and the external particle to fluid mass transfer coefficient Kg. 
Hence, knowing the solubility, measurements of the initial extraction rates allow to determine 
the values of Kg- Detailed discussion on the evaluated mass transfer coefficients are given in 
[7].These authors found that the overall mass transfer from particles to fluid depends upon both 
free and forced convection mechanism. Figure 2 illustrates a parity plot of the experimental 
values of Sh number (evaluated by zero-time solution of the shrinking core model) and the 
calculated Sh number (using an appropriate mass transfer correlation). 


4.3 Intraparticle diffusivity 

With the available values of solubility and external mass trasfer coefficient, we proceeded to 
evaluate intraparticle diffusivities by fitting experimental extraction data. 


Table 1 

Predicted time for 50% extraction of DCB at T = 313 K, P = 20 MPa (small pellets with 
extractor operated in downflow mode) _ 


Parameters 

Bi = 2.5 

Bi = 25 

Bi =250 

De 

160 s (10- 8 m 2 /s) 

610 s (10'9 m 2 /s) 

3600(10-10 m 2 /s) 

kg 

600 s (5.5 .IQ' 4 m/s) 

670 s(5.5 .10-5 m/s) 

1300 s(5.5 .10- 6 m/s) 



180 s (1.0) 


K 


600 s (0.3) 

1600 s (0.1) 
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It can be anticipated that prediction of diffusivities should be best with larger particles since the 
diffusion path is physically longer. A few simulation runs with different values of diffusivity, 
solubility and external mass transfer coefficient, show that the most sensitive parameter (or 
resistance) are intraparticle diffusivity and solubility while the effect of external mass transfer 
coefficient is small. 

Table 1 gives a summary of calculated times for 50% extraction of solute (t 50%)- Simulations 
conditions are P = 20 MPa, T = 313 K and Re = 40 for the system DCB/small cylinders and 
downflow operation. From Table 1, it is seen that for a constant value of Kq, a decrease of De 
and K lead to a significant increase of 1 50 % irrespective of the Biot number. On the other hand, 
the influence of Kg is found to be significant only in the higher range of Biot number (Bi = 
250) where the external mass transfer gradient may become limiting (Kq is very small). 

5. RESULTS AND DISCUSSION 

Applying the above mentioned strategy, intraparticle diffusivities were evaluated as a function 
of pressure, temperatue and fluid flow rate for two different sizes of particle. 

Within the limits of experimental error, the effective diffusity increases with temperature and 
decreases with pressure as it is observed for molecular diffusivity. In general, the tortuosity 
factor was found to be constant at different flow rates and for different particle sizes. Figure 3 
illustrates a comparison of predicted and experimental extraction curves for both small particles 

(dp = 1 cm, ep = 0.20) and large particles (dp =2 cm, ep = 0.25) at T = 313 K, P = 20 MPa, 
Re = 40 using DCB as solute and the extractor in downflow operation. 

The effective diffusivities of DCB in SC C02 for these runs are optimized to D e = 4 10*9 m 2 /s. 
The corresponding tortuosity factors amount to Dm/Dc = 2.3 and 2.5 when estimating the 
molecular diffusivity by means of the correlation of [10]. These values are in reasonable 
agreement with respect to those found in the literature. For example in a related study of 
diffusion of naphtalene in a porous sintered rod of bronze (dp = 1 cm, L = 15 cm, ep = 0.30), 
[11] obtained very similar tortuosity factors in the range of 1.35 (at 328 K) to 1.74 (at 308 K) 
for average pore sizes between 8 and 20 pm. 



Figure 3 Comparison of predicted and experimental extraction curves for both small and large 
particles using DCB as a solute and downflow operation : P = 20 MPa, T = 313 K, Re = 40 
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6. NOMENCLATURE 

K. R 

Bi Biot number for mass, Bi = - 

D e 

Cq Solute concentration in the fluid phase, kmol/m^ 

Cq Saturation concentration of solute at equilibrium, kmol/m^ 

Ci Solute concentration in the particle pores, kmol/m^ 

Cr Solute concentration at the particle surface, kmol/m^ 

Dg Effective diffusivity, m^/s 

C * * 

p P P 

IV lviuicti paiuuuii vucmvicin, IV - = — 

Kq Volumetric fluid-to-solid mass transfer coefficient, m/s 
L Length of cylinders, m 

N Number of mols of solute, kmol 

No Initial number of mols of solute, kmol 
P Pressure, MPa 

r c Core radius, m 

r Radius, m 

R Radius of cylinder, m 

T Temperature, K 

t Time, s 

V SCF Fluid velocity at supercitical conditions, m/s 
X Extracted weight fraction 

EB Bed void fraction 

Ep Particle porosity 

Pg Density of solute/C02 mixture at saturation, kmol/rn^ 

pL Density of solute kmol/m^ 
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A pilot plant is presented, which has been built to prepare fine particles (< 4 pm) by 
the Rapid Expansion of Supercritical Solutions (RESS - process). In this study carbon 
dioxide loaded with anthracene was used. By varying process parameters, the particle 
size distribution can be influenced. Changes of the post-expansion pressure have no 
provable influence on the particle size distribution. 


1. INTRODUCTION 

When a solution is rapidly depressurized, the dissolved solid becomes insoluble in 
the low pressure gas. The rapid expansion of supercritical solution (RESS) exploits this 
phenomena. During the process, a loaded supercritical fluid is expanded through a 
nozzle creating high supersaturation in the jet. Fast nucleation and growth of the cry¬ 
stalline particle occurs. If carbon dioxide is used as a supercritical fluid the RESS 
process offers advantages over conventional size reduction methods. Heat sensitive and 
solvent free products can be achieved with this process. This technology may find 
application in the production of certain drugs and energetic materials. 

The rapid expansion of supercritical solutions (RESS) was explored by several au¬ 
thors as a novel route to the formation of microparticles. Ohgaki [1] produces fine 
stigmasterin particles by the rapid expansion of a supercritical C0 2 solution. Amorphus 
fine particle and whisker-like crystals (0,05 - 3 pm) were obtained with different pre¬ 
expansion pressures. Johnston [2] obtained submicron particles from different poly¬ 
mers. Loth [3] described the mirconisation of phenacetin with supercritical fluids. 

The influence of the parameters concentration, pre- and post-expansion pressure and 
pre- and post-expansion temperature and geometry of the nozzle on the particle size 
distribution wasn’t studied at all. Merely Mohamed [4] examined the influence of con¬ 
centration, pre- and post-expansion pressure and temperature of the system carbon di¬ 
oxide - naphthalene. No particle size distribution was measured, only the size of the 
smallest and biggest particles were measured. For these investigations, anthracene was 
used as a model substance, while the solubility of anthracene in carbon dioxide [5] is 
approximately more then 100 times smaler than for naphthalene. 
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2. EXPERIMENTAL 

With the pilot plant which was built in cooperation with SITEC AG (Switzerland) it is 
possible to carry out extractions up to 80°C and 300 bar. The maximum massflow of car¬ 
bon dioxide is limited to 20 kg C0 2 /h. Figure 1 shows the diagrammatic view of the pilot 
plant. 



W: heat echanger FI: determination of mass flow 

FL: liquid C0 2 reservoir D: pressure controle 

P: jetting pump 


Figure 1. diagrammatic view of the experimental apparatus 

Liquid carbon dioxide (purity 99, 95 Vol %) was undercooled (W2) to avoid cavitation 
in the membran pump (P). After the compression to pre-expansion pressure, the fluid is 
heated to the extraction temperature (W3). The supercritical fluid loaded with anthracene 
leaves the extractor (V = 0,6 1). With a additional heat exchanger (W4), the solution is hea¬ 
ted to pre-expansion temperature. In the separation vessel, the supercritical solution is ex¬ 
panded through a nozzle. The expanded gas will be condensed (Wl) and recompressed or 
let off. After the experiment, the separation vessel is opened and the particles were collected. 
The particle size is measured by laser diffraction spectroscopy (Malvern Master Sizer X). 


3. RESULTS AND DISCUSSION 

A typical particle size distribution for anthracene, which is recived by the RESS - 
process, is shown in figure 2. The particle size distribution varied from x, 0 3 = 0,6 pm til 
x 903 = 3,5 pm, the mean particle size was meassured to 1,5 pm. 
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Qa( x ) 


Figure 2. volume sum distribution Q 3 (x) and volume density distribution q 3 (x) 

To determine the influence of the internal nozzle diameter on the particle size distri¬ 
bution in dependence on the post-expansions pressure at constant pre-expansion tempera¬ 
ture T = 110°C and pre-expansion pressure p = 220 bar, two nozzles with different inter¬ 
nal nozzle diameter (d = 100 pm, d = 150 pm) were under investigation. As it is shown in 
figure 3, the particle size is smaller for the nozzle diameter d = 150 pm and these diffe¬ 
rences were smaller as the consistency of the measuring results. 


+ d * 100 i»t> 

• d = 150 im 

0 20 40 60 

post-expansion pressure [bar] 

Figure 3. particle size in dependence on post-expansions pressure for two 
different internal nozzle diameter 

At constant pre-expansion pressure, the post-expansion pressure was varied from 5 bar til 
60 bar. As it is shown in figure 4 at constant pre-expansion temperature T = 110 °C , 
there is no provable influence of the post-expansion pressure on the particle size distri¬ 
bution for these three pre-expansion pressures. It is not necessary to expand the super¬ 
critical solution til atmospherical pressure, the gas could be expanded to 60 bar and re¬ 
compressed. 
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. 160 bar 
_ 220 bar 
280 bar 


Figure 4. particle size in dependence on post-expansions pressure for three 
different pre-expansion pressures 


4. SUMMARY 

A pilot plant was built to study the influence of different process parameters on the 
particle size produced by RESS-process (Rapid Expansion of Supercritical Solutions). 
Particles smaller than 4 pm were obtained for the system carbon dioxide-anthracene. 

The influence of the internal nozzle diameter (d = 100 pm, d = 150 pm) on the par¬ 
ticle size distribution in dependence upon the post-expansions pressure was determined. 
The particle size is smaller for the nozzle diameter d = 150 pm, and these differences 
were smaller as the consistency of the measuring results. At constant pre-expansion pres¬ 
sure, the post-expansion pressure was varied from 5 bar til 60 bar. No provable influence 
of the post-expanion pressure on the particle size was studied. 
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Abstract 

In this paper first results of the solubility and extraction of low molecular weight polymers 
and plasticizers with supercritical carbon dioxide are presented and compared to the results of 
phase equilibria measurements. Additionally the formation of sub-micrometer particles during 
polymerization of acrylic acid and derivatives thereof in scC0 2 are examined and compared 
with recent works [2], Finally there are some aspects to modification of polymers by 
absorption of scC0 2 and reactive components solved therein. 


1. EXTRACTION AND PHASE EQUILIBRIA 
1.1. Extraction of low molecular weight polymers 

The debinding of powder injection molding workpieces, which consist of about 60 vol.% of 
a solid matrix (metal or ceramic powders) and thermoplastic polymer binders, was examined by 
extraction with scC0 2 [1]. By this technique the debinding time could be reduced from 1-2 
days for pyrolysis to 1-2 hours for SFE. 

The self-designed extraction facility consists of a high pressure liquid pump, two heat 
exchangers, two parallel extraction tubes and a separator with a window and a throttle valve. 
A mass flow meter gives information about flow rate (kg/h), density, temperature and total 
mass of the solvent. 

Extraction rates in dependance of temperature and pressure are very different and are shown in 
figure 1. At 50°C the extraction efficiency is very low. Between 60°C and 70°C extraction is 
more effective and depends little on the carbon dioxide flow rate. For a given temperature the 
variation of pressure has only a small influence on the extraction rate, whereas the variation of 
temperature at a fixed pressure leads to great differences in extraction efficiency. The parts 
treated at 50°C often show cracks or bubbles. At 75°C they soften and deform. The optimal 
temperature range for this binder system is 60-70°C. Here it is possible to extract up to 70 
vol.% of the binder without damaging the workpieces. As a result of the reached porosity it is 
possible to reduce the time of the furthermore necessary pyrolysis of the remaining binder 
components drastically (heating rate 10°C/min from r.t. up to 1000°C). The dimensions of the 
examined parts were 4 x 5 x 60 mm. 
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Figure 1. Extraction rate of polymer binders in dependance of pressure and temperature 


1.2. Phase equilibria 

The measurements were done in a phase equilibria cell by the synthetic method. The cell has an 
inner diameter of 25mm, an outer diameter of 80 mm, a saphire window and a movable piston. 
The volume can be varied from 20 cm 3 to 50 cm 3 .The maximum pressure is 500 bar. First the 
solid component is filled in and then the cell is evacuated. The liquid carbon dioxide is added 
from a high pressure cylinder, which can be weighed with an accuracy of 0.1 grams. Figure 2 
shows the p-T-dependance of the solubility of paraffin in carbon dioxide for different weight 
fractions of paraffin. 

Calculations of the solubility with a modified Peng-Robinson-EOS lead to remarkably lower 
equilibrium pressures for the given temperature ranges. The reason for this effect is, that the 
calculations are done for two-component systems. The paraffin used for the measurements and 
the production of the workpieces, however, is a mixture of homologue n-alkanes, so the 
calculation should be done for a multicomponent system. Up to now it was not possible to find 
a set of thermodynamic data, which represent this n-alkane mixture and lead to two- 
component-calculation results according to the measurements. 

Extraction and phase equilibria measurements have shown, that in the temperature range with 
good extraction rates the solubility is rather poor. Nevertheless it was possible to extract 70 
vol.% of the binder within one hour without damaging the parts. This is a good improvement 
compared to usual pyrolysis or extraction processes with organic solvents or water, which last 
1-2 days for parts of the described geometry. 
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Figure 2. p-T-dependance of the solubility of paraffin in carbon dioxide for different weight 
fractions of paraffin 


2. POLYMERIZATION AND POLYMER MODIFICATION 
2.1. Polymerization of acrylic acid in supercritical carbon dioxide 

As a comparison and reproduction to recent works done by DeSimone and coworkers [2], 
attempts were made in the free radical polymerization of acrylic acid (AA) in supercritical 
carbon dioxide (scC0 2 ) with Azoisobutyronitrile (AIBN) as initiator. 

The experiments were run in a 200 ml vessel with electrical heating and stirring by a 
magnetic bar. The pressure was followed by a Digibar. AA and AIBN (both from Merck) were 
used as received, C0 2 -SFE-grade was used from Messer Griesheim. For visual experiments a 
stainless-steel optical cell with movable piston could be used. The reaction conditions were 
65°C and 200 bar and the reaction time was about 6h. 

Only a few experiments concerning this matter were run. During the course of reaction the 
poly-acrylic-acid (PAA) precipitated out of the homogeneous solution. After cooling and 
venting of the reactor a fluffy, electrostatic charged white powder could be obtained. Figure 3 
shows a scanning electron microscopy-(SEM)-photograph of the supercritical fluid product in 
comparison to a commercially available PAA. It can be seen that at high resolution of the used 
SEM the commercial PAA has a shape like planets seen trough a telescope while the 
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supercritcal fluid PAA still looks cloudy, which is according to published work [2], Aqueous 
GPC with polyethylenglycol (PEG) standards lead to M N (Mw)-values of 1107 kg/mole and 
2219 kg/mole resp., which means a distribution of 2.0 (in relation to PEG-standards). DSC- 
analysis gave no further information. 

Additional attemps in the polymerization of methyl-methacrylate (MMA) and styrene (S) with 
AIBN lead to a thin film on the walls of the reactor, which was caused by a low conversion 
rate. Copolymerization attempts of AA with MMA resp. S led to undefined waxkind products. 




Figure 3. SEM Photographs ofPAA; top: commercial product, bottom: SCF-product 
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2.2. Modification of polymers with supercritical carbon dioxide (scCOj): Absorption of 
scCOj into polyvinylchloride (PVC) sheets at elevated temperatures. 

Recent works show, that there is a great field of application in modification of polymers with 
supercritical fluids [3, 4], However, there are only few data available which concern the 
interaction of scC0 2 with polymeres at higher pressures and higher temperatures. The better 
interaction between and polymers is achieved, the more modification of the polymers can be 
expected. For this reason the incorporation of C0 2 into PVC-sheets was determined similar to 
the method described by Berens [5]. 

Commercially available PVC-sheets (thickness 0.5 mm, no additives) were cut into squares (2 
x 2 cm), cleaned with propanol, weighed and put into a porous gasket within stainless steel 
vessel (volume: 30 ml). Then the cell was purged and filled with different amounts of C0 2 and 
heated to the desired temperature with a heating tape. After a certain „soaking time“ the cell 
was depressurized quickly and the sample put on a balance (resolution 0.01 mg) and the weight 
recorded for a period of 30 min. The weight loss was plotted against the square-root of time. 
Because of Fickian diffusion this plot should be linear and so its possible to extrapolate the 
mass of absorbed C0 2 to the time of venting the vessel. 

Figure 4 shows a plot of the absorption kinetics at 60°C and 200 bar. A saturation of the PVC- 
sheets is reached between 2 and 3 hours. 
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Figure 5 shows the absorption isotherms of the PVC-sheets from 80 to 400 bar. The absortion 
time was 4 hours. With increasing temperature the mass gain decreases. For each isotherm 
there is an increase in mass gain with increasing pressure. Before „soaking“ the samples were 
transparent, after absorption the samples appeared white. The reason for this could be the 
disorientation of the polymer chains, which was fixed because of the rapid venting. If these 
white samples were heated above the glas temperature of the sheets (70°C), they became 
transparent again after a few hours. 



Figure 5. Absorption isotherms of PVC in CO 2 , absorption time: 4 h 

For the future there are the following tasks: Chemical modification of the PVC-sheet and 
absorption/modification experimnets with other polymers in scCC> 2 . 
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ABSTRACT 

Traditionally, the screening of thermodynamic models in phase equilibria is carried out 
based on the full data set and, therefore, after having obtained all the experimental points. The 
aim of this work is to show that sequential model discrimination may be used as a guide for 
obtaining experimental data for systems at high pressures. We have compared two 
discrimination procedures in order to select the next experimental point, one of them 
considering only the predicted responses (Hunter and Reiner [ 1 ]) and the other taking also into 
account the error limit inherent to each model (Ferraris and Forzatti [2]). In order to test these 
methodologies, literature data were used along with current thermodynamic models. It is 
shown that the sequential discrimination leads to the same conclusions as obtained when using 
the full data set, but with much less effort. 

1. INTRODUCTION 

The design of experiments associated with model discrimination is a technique aimed to 
optimize experimental data collection and thus causing a cost reduction. The necessity of 
model discrimination arises as we observe the large number of existing equations of state 
(EOS) and also due to the possibility of optimizing data collection process. It has been shown 
by Cassel and Oliveira [3] that this rationalization is effective in vapor-liquid equilibrium at 
high pressures, making the sequential model discrimination an important tool for the screening 
of EOS. However, in such a investigation, these authors have not considered the error limit to 
each model and, hence, the discrimination procedure has been accomplished based only on the 
predicted responses. In this work we use the least square method to estimate the parameters 
and the Hunter-Reiner[l] and Ferraris-Forzatti[2] discrimination strategies along with the 
Fisher F-Distribution Function to proceed the model discrimination. The Peng Robinson[4] 
EOS (PR-EOS) with five different mixing rules was employed to evaluate the potential of the 
discrimination methodologies presented here. 

2. THEORY 

The vapor-liquid equilibrium can be described by: 
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4\ L *i = i'Vi (1) 

where <j>, v and <j>, L are the fugacity coefficients for the component “i” in the vapor and liquid 
phases, respectively; which are calculated in this work by the generalized PR-EOS. The 
calculation of a and b parameters of this equation was performed using five mixing rules in 
order to verify which of them best describes the phase equilibria at high pressures. We used the 
following mixing rules[5]; van der Waals 1, Schwartzentruber-Renon, van der Waals 2, 
Panagiotopoulos-Reid and Strijeck-Vera, as shown in Table 1. The sequential discrimination 
procedure is divided in two steps: the first one is the parameter estimation and the second step 
is accomplished by determining the place in the experimental space where the next experiment 
should be run. These steps are presented bellow. 


Table 1 

PR-EOS mixing rules 


Mixing Rule 

Functional Form 

Parameters 

Model 1 

a = Z Z Vif a i a i ) l 2 (l - kjj) 


van der Waals 1 

1 j 

b = Zz,b, 


kj, 

Model 2 

Schwartzentruber-Renon 

•“ZZVjfMj)" 2 
> j 

HLZ: -m::Z: ] 

i_ k i —^( z i+Zj ) 

m,. z ,*m,, z ’j 

k, 

•p 


b = Z z .b, 


“s 

Model 3 

a = ZZ z i Z j( a i a ]) l,2 0 _ k.j) 

k. 

van der Waals 2 

1 j 

(b, + b:) 

b = ZZ z i z j 2 Mi-kji) 

kji 

Model 4 


(l-kij+Ck.j-kjifz.) 

k, 

Panagiotopoulos- Reid 

1 j 

b = Z z ,b, 


kji 

Model 5 

a = ZZ z , z J ( a , a J ) ,/2 

(1 - z .k,, - z , k Jt ) 

k,j 

Strijeck-Vera 

1 j 

b = Z z |b, 


k 

J' 


2.1 Parameter Estimation 

The parameters of the mixing rules are estimated using the least square method. In the 
calculations "Y" (P) is the output variable and the errors of the experimental measurements are 
considered to be normally distributed. Next, the fit is performed by minimizing the following 
objective function with respect to the vector of parameters: 


Nexp — y?^ ) 2 


i=l 


(°y)i 


( 2 ) 


s 2 = 


The variance of the estimation procedure is defined as: 

| N exp 


_ v ( v ex P_v ca1 ) 2 

(Nexp-Npar) “j 1 


(3) 
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where Nexp is the number of experimental points, Npar the number of parameters and exp and 
cal refer to experimental and calculated values. 


The absolute average deviation is defined as: 


AAD = 


100 n ^p 

Nexp i=I 



pexp 


(4) 


2.2 Sequential Model Discrimination 

There are many alternatives for modeling high pressure phase equilibria. Therefore, it is 
required a discrimination procedure capable to screen these models satisfactorily. In this work 
we have compared two discrimination methods in order to select the next experimental point. 
The first one is the Hunter-Reiner methodology that considers only the predicted response of 
each model according to the following equations: 

d i j(x) = [y i (x)-yj(x )] 2 (5) 

and, 

N mod N mod 

D ( x ) = Z Idij(x) (6 ) 

i j=i+l 

where dy(x) is the squared difference between the responses of models “i” and “j” and D(x) is 
the difference among the responses of all models. 

The next experimental point should maximize D(x) to one value greater than the 
experimental error, otherwise the divergence between the models can be explained in terms of 
experimental error variance. 

The Ferraris-Forzatti methodology takes also into account the error limit inherent to each 
model, as presented by Equations (7) to (13) of reference [2], According to Ferraris- Forzatti, 
an adequate indicator of the divergence among the model responses relative to the error limit 
is. 

N mod N mod 

Z Z (y; -y ,) 2 

T(x) =_ 1=1 J=l+I _ 

Nmod ^ (7) 

(Nmod- 1)(Nmoda 2 + £ (jj(x)) 

i=l 

being the estimated variances of the responses given by: 

a, 2 (x) = g i T (x)(G i T G i )“‘g i (x)a 2 (8) 

where Nmod is the number of models, T(x) is the difference among all models, a 2 is the 
experimental variance, a, 2 (x) the estimated variance of the responses, gj is a vector containing 
the model derivatives with respect to the parameters, g,' its transposition and G, is a matrix 
(Nexp rows and Npar columns) containing the gi vector calculated at experiment i. 

The next experimental point should maximize T(x) to one value greater than 1, otherwise 
the divergence among the models can be explained in terms of experimental error variance plus 
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the variance of the expected responses. In both cases, after we have the input variables that 
maximize D(x) and T(x), the experiment is run and the parameters are estimated. These two 
steps - estimation and discrimination - are repeated sequentially until the mixing rule that best 
fits the experimental data is chosen or until D(x)<ct 2 (Hunter-Reiner) or until T(x)<l (Ferraris- 
Forzatti). The first parameters are fitted with four experimental data, and it is found the liquid 
phase mole fraction where the maximum deviation occurs (D or T, depends on the 
methodology). Then, the parameters are estimated again with this new experiment. It is 
important to mention that we have not performed a spline with the data in order to obtain the 
response (P) related to the selected liquid phase mole fraction of C0 2 ; actually, we have 
chosen the closest reported experimental data. Moreover, when the discrimination procedure 
gives an experimental condition previously used, we have avoided repetition making use of the 
next deviation and its required experimental point. 

After the parameter estimation, the discarding of the mixing rules begins using the F-Test, 
that points out with 99% confidence whether or not the tested model is equivalent to the 
experimental variance. If there is an equivalence the discrimination goes to the next step; on 
the other hand the model is discarded and the discrimination procedure continues for the 
remaining models. If no models is discarded three consecutive times the confidence is 
decreased down to 95% until one or more models are eliminated. 

3, RESULTS AND DISCUSSION 

To verify, among the employed mixing rules, the one or ones that best represent the 
equilibrium data, the C0 2 (l)-Diphenyl(2) at 343.2 K and C0 2 (l)-n-Propylbenzene(2) at 353.2 
K systems were used. The data and their conditions are presented in the works of Zang et al. 
[6] and Maurer et al. [7], respectively. The pure properties of the components are given in 
Reid et al. [8] , The standard deviation of the measured output variable is: a p =0.05MPa and 
CT p =0.07MPa, respectively. 

The sequential planning for the systems C02-Diphenyl and C0 2 -n-Propylbenzene is shown 
in Tables 2 and 3, respectively. In Figure 1 is depicted the Hunter-Reiner and Ferraris-Forzatti 
deviations for the C02-n-Propylbenzene system. It can be noted that the selected points for 
both methodologies are (essentially) the same. This can be explained due to the very small 
estimated variances of the responses and, hence the Ferraris-Forzatti methodology reduces to 
the Hunter-Reiner, as can be verified by Equations (5) to (7). This occurred because of, for the 
systems studied here, the parameters were estimated with small uncertainties. So, the 
additional effort of the Ferraris-Forzatti methodology is not justified for these systems (the 
same result was obtained for the C0 2 -Diphenyl). However, the same can not be true when 
considering multiple responses. 


Table 2 

Experimental planning for the C02-Piphenyl system 


Next Point 

CO 2 mole fraction 

D(MPa 2 ) 

T(MPa 2 ) 

Models Discarded 

5 

0.795 

345.25 

38.75 

- 

6 

0.656 

214.73 

24.56 

- 

7 

0.619 

2.65E-4 

4.59E-5 

1 and 5 


Table 3 


Experimental planning for the C0 2 -n-Propylbenzene system 
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Next Point 

C0 2 mole fraction 

D(MPa 2 ) 


Models Discarded 

5 

0.365 

197.65 

27.32 

- 

6 

0.360 

204.67 

37.52 

- 

7 

0.404 

16.85 

3.68 

1 

8 

0.362 

14.79 

3.81 

1 

9 

0.720 

2.12E-5 

1.19E-6 

1 and 5 
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Figure 1. Deviations of the discrimination strategies as a function of the CC^mole fraction. 


To check the reliability of the results it was also performed the parameter estimation using 
the full data set. It can be noticed from Table 4 that there is no loss of fitting quality for the 
system C0 2 -Diphenyl and the parameters are approximately the same when we compare the 
conventional and the discrimination procedures. 
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Furthermore, an aspect much more relevant to be noticed is that the use of the sequential 
discrimination led to the same conclusions as obtained when using the full data set, but with 
much less effort. This statement can be verified by comparing the confidence for each model at 
the end of the discrimination procedure with the ones resulting from full data set (the same 
result was obtained for the C0 2 -n-Propylbenzene). 

Table 4 


Estimated parameters and confidence level at the end of the discrimination procedure and using 
the full data set for the C0 2 -Piphenyl system. _ 


Number of 
points 

van der 

Waals 1 

Schartzentrub 

er-enon 

van der 

Waals 2 

Panagiotopou 
los- Reid 

Strijeck-Vera 

6 

k 12 7.993E-2 

k 12 8.265E-2 

1 12 5.234E-2 
m 12 -7.89E-3 

k 12 9.902E-2 
k 2! 8.348E-2 

k 12 9.902E-2 
k 21 8.348E-2 

ki 2 1.056E-1 
k 21 -7.89E-2 


AAD 9.617 

AAD .558 

AAD .559 

AAD .559 

AAD 12.486 


s 2 1045.61 

s 2 1.298 

s 2 1.365 

s 2 1.365 

s 2 987.45 

Conf. % 

99.36 

87.98 

88.28 

88.28 

99.25 

Full Data 

ki 2 8.501E-2 

k, 2 8.768E-2 

k )2 9.915E-2 

k 12 9.915E-2 

ki2 9.871E-2 

Set 


11 2 4.985E-3 
m 12 -7.23E-3 

k 2! 8.345E-2 

k 2 , 8.345E-2 

k 2 , -6.987E-2 

22 

AAD 18.231 

AAD 1.424 

AAD 1.465 

AAD 1.465 

AAD 18.445 


s 2 1556.7 

s 2 2.640 

s 2 2.680 

s 2 2.680 

s 2 1235.465 

Conf. % 

99.998 

90.123 

90.265 

90.265 

99.997 


4. CONCLUSIONS 

We have presented a comparison between two model discrimination procedures using 
literature data for phase equilibria at high pressures. Though the application of these 
methodologies furnished essentially the same results for the systems investigated here, they 
seem to be useful for experimental design in the field of phase equilibria. A more rigorous 
treatment should consider the case of multiple responses and also the experimental error in the 
independent variables; these topics are now under investigation. 
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Based on a rigorous solution derived from the lattice statistical-mechanical 
theory, a unified group contribution equation of state[GC-EOS] was formulated. 
The GC-EOS was found to be applicable for the simultaneous prediction of 
thermodynamic properties of pure fluids and mixtures in general over a wide 
range of pressure. The GC-EOS uses a single set of group segment size and 
interaction energy parameter for both pure fluids and mixtures. Quantitative 
applicability was demonstrated for vapor pressures of pure fluids and vapor- 
liquid equilibrium properties of mixtures with emphasis on the high-pressure 
region including the supercritical fluid systems. 

1. INTRODUCTION 

After the seminal work of Guggenheim on the quasichemical approximation of 
the lattice statistical-mechanical theory! 1], various practical thermodynamic 
models such as excess Gibbs energies[2-3] and equations of state[4-5] were 
proposed. However, the quasichemical approximation of the Guggenheim 
combinatory yields exact solution only for pure fluid systems. Therefore one has 
to resort to numerical procedures to find the solution that is analytically 
applicable to real mixtures. Thus, in this study we present a new unified group 
contribution equation of state[GC-EOS] which is applicable for both pure or 
mixed state fluids with emphasis on the high pressure systems[6,7]. 

2. EQUATION OF STATE AND GROUP CONTRIBUTION 

The GC-EOS based on a series expansion of the nonrandom lattice-hole theory 
is written by[l,6], 


* This work was supported by the Korea Science and Engineering Foundation and The Korea 
Ministry of Trade, Industries, Energy. 
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The GC-EOS requires the calculation of the molecular segment number r t and 
the interaction energy parameter e u from functional group characteristics, r° 
and e° [7]. They are written by the sum of temperature-dependent group 
parameters as 


r=z 

rp = w° + h°(T- 7’) + c° [7'ln(7; / T)+T- 7j] 

= ZLZ KiWsl =Zi.,ZJL,v (l v^V«S /Zi-,Z 

e G j lk= a° +b G (T-T 0 ) + d G [T\n(T 0 / T)+T-T 0 ] 


(3) 

(4) 

(5) 

( 6 ) 


where /? = 1 / A/', q u and are given as mole fraction averages of relevant 
properties. v v is the number of group j in species i and 0° is the surface area 

fraction of group k in species i. To is an arbitrarily chosen reference 
temperature(298.15K). Also, we set z=10 and N A V H = 9.75 cm 3 mol'. Preliminary 
studies for the possible applicability have been made[7,8]. 


Table 1 


Coefficients in the segment number correlation defined by eq (4) 


Group 

< 

K 

< 

Temperature 

Range(K) 

-CHa 

2.654657 

0.000203 

0.001786 

270 - 450 

-CHa 

1.539918 

-0.000201 

0.001218 

270 - 450 

-ACCHa* 1 

2.975477 

0.000146 

0.001625 

270 - 450 

-ACH 

1.400666 

0.000188 

0.001062 

270 - 450 

-CO 

1.377142 

0.001917 

0.001526 

270 - 450 

-COa 

3.782112 

0.004755 

0.004512 

270 - 450 


*'AC denotes aromatic carbons. 


3. PREDICTION OF PHASE-EQUILIBRIA 

The numerical parameters in eqns (4) and (6) are shown in Table 1 and 2 for 
some groups. As an illustration, the predicted vapor pressure of pure alkanes and 
distillation phenomena of alkane mixtures are shown in Figure 1. It is obvious 
that the description of configurational properties of real fluids is reduced to 
functional group characteristics which are the group segment number and the 
group-group interaction energy parameter. As molecular simulation studies do, 
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the present group contribution method can be utilized to calculate binodals, 
critical properties, and mixture phase equilibria for which no experimental data 
are available[8]. 


Table 2 


Coefficients in the group-group interaction parameter defined by eq (6) 


Group-Group 

< 

b° 

U 


Temperature 
Range (K) 

CH3-CH3 

78.174322 

0.050459 

0.388018 

270 - 450 

CHs-CHa 

96.049727 

0.011347 

-0.273514 

270 - 450 

CH2-CH2 

112.776346 

0.049733 

0.070320 

270 - 450 

ACH-ACH 

119.958040 

-0.011889 

-0.104178 

270 - 450 

CO2-ACH 

93.858901 

-0.060056 

-0.232417 

270 - 450 

CO2-ACCH3 

84.697966 

-0.023877 

-0.109467 

270 - 450 

CO2-CO2 

84.919753 

-0.099498 

-0.345484 

270 - 450 

ACH-ACCHs 

117.763895 

0.012471 

-0.077352 

270 - 450 

ACCH3-ACCH3 

113.004523 

0.039160 

-0.00130 

270 - 450 

CHa-CO 

142.569937 

-0.223408 

-0.406103 

270- 450 

CH2-CO 

178.078211 

-0.143040 

0.130141 

270 - 450 

CO-CO 

612.056821 

-0.784793 

-2.063104 

270 - 450 



(a) (b) 

Figure 1. Predicted vapor pressures of pure alkanes (a) and vapor-liquid 
equilibria for C 7 -C 8 at 328.15 K and C 40 -C 48 at 500 K by the unique set of 
parameters given in Table 1 and 2(b). 


In Figure 3, the predicted P-x-y equilibria for CCVtoluene system up to 
16Mpa is shown uniquely by the group parameters in Table 1 and 2. Also, in 
Figure 4, the predicted P-x-y equilibria for ethane-acetone system at 298.15K 
and up to 5Mpa is illustrated. The predictions are included the pseudocritical 
point of the mixtures. Although we omit here further demonstrations, the GC- 
EOS is found to be comprehensively applicable to various phase equilibria of 
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complex mixtures including the macromolecular systems. 



Figure 3. Predicted P-x-y equilibria 
for C02-toluene system 



Figure 4. Predicted P-x-y equilibria 
for ethane-acetone system 


In summary, based on a rigorous approximation to the quasichemical solution 
derived by the present authors, a generalized GC-EOS was proposed for the 
estimation and the prediction of properties of real pure fluids and mixtures. Its 
applicability was demonstrated for high pressure vapor-liquid equilibria of pure 
or mixed fluids. Although not shown here, we have further results with other 
functional groups which indicate the extended applicability of the present 
method. 
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Static and Dynamic Light Scattering Test of Polymer Particles Formation 
Process in Supercritical Fluid 

D Yu Ivanov, R Tufeu, and A.V.Soloviev 

Universite Paris XIII, Laboratoire d'Ingenierie des Materiaux et des Hautes Pressions, 
CNRS Avenue Jean-Baptist Clement 93430, Villetaneuse, France. 

1. Introduction 

In the last years supercritical fluid (SCF) technology has occupied a significant place in 
the high pressure chemical engineering. Due to their specific properties as liquid-like 
densities, gas-like viscosities and diffusivities intermediate between gas and liquid values, 
SCF have large potential in extraction and separation processes, polymer science and 
technology and in elaboration of new materials [1-4] In these last cases, to control the size 
of particles, we have to deal with the kinetics of their formation . 

This communication which is a continuation and a development of our previous study [5] 
is devoted to closer examination of the polystyrene particles formation process in 
supercritical n-butane induced by small pressure variation. This study was carried out 
using both DLS (dynamic light scattering) and SLS (static light scattering), which 
permitted us to investigate the fast (10-30 sec) process of appearance and the aggregation of 
the particles, to determine their mean radius (R ) and concentration (N). 

2. Experimental Setup 

The DLS-measurements were made in the homodyne technique of photon-correlation 
spectroscopy by using a 16-bit, 255 canal PC board plugged digital correlator (Unicor, 
OGRI RAS), with different time scale mode and with the sample time range from 100 ns to 1 
sec. A 20-mW He-Ne laser (Spectra-Physics Co, A,=632.8 nm) was used as the light source. 
The cylindrical high-pressure optical cell was placed into the specially designed thermostat 
with a temperature control of ± 0.1 K Two photodiodes were used to measure the optical 
thickness (y ) of the system under study: 

y = -ln(7, / /„), where /,,/„ - the intensities of transmitted and laser light, respectively. 

The experimental setup allows the simultaneous measurements of the autocorrelation 
function and intensities of 90° scattered (/,.), transmitted (/,) and laser (/„) light. The 
values of the light intensities (I s , I n ), of the pressure (P), of the temperature (T) and also 
the correlation functions were automatically registered every 5 sec. 

As a correlation function is recorded, the correlator offers the decay time (x), particles 
diffusion coefficient (D), and particles mean radius (R). The two latters are related with by 
Stokes-Einstein equation [6], 

k B T 

” ~ ’ where k B is the Boltzmann constant and rj - the shear viscosity of the 


fluid. 



scattered intensity optical thicness presauro (Bar) 
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Knowing R, the extinction efficiency factor (Q) can be found, by Mie scattering theory for 
the sphere [7], Then the particles concentration is: N = y /(QttR 2 Lt 2 ), where L is the 
distance between windows, t is the transparency of the window. 

The experimental setup and this method have been tested on aqueous suspensions of 
monodisperse latex spheres with 94 and 302 nm diameters (SIGMA Chemical Co) and 
different concentrations from 5-1 O' 5 to 2-10~ 3 gram/m 3 . The radii being calculated by analysis 
of the correlation functions were verified within a few percents. The concentrations has been 
calculated from the optical thickness and turned to be within 2-5% in accordance with those 
found by evaporating and weighting the latexes 


3. Results and discussion 




We have studied the demixion of a monodisperse polystyrene 
(M =3700) solution in n-butane (T C =425.16K P c =3.796 MPa). 
The previously weighted polystyrene sample was placed in the 
cell which was then evacuated and heated up to the temperature 
of experiment, i.e. 433K. The solvent was introduced through the 
lower part of the cell at the pressure 30MPa. The cell 

temperature and the pressure were kept constant for 48 hours. 
The time dependences of pressure, optical thickness, intensity 
of scattered light and decay time are presented in Fig. 1. The 
pressure was slowly decreased, the optical thickness being 
constant indicating that the solution was not initially saturated. 
At a pressure 23.5MPa (Fig. la) the optical thickness (Fig.lb) 


0 200 400 $00 




time (sec) 


began to increase due to the demixion of the solution and 
formation of particles. After that measurable correlation 
functions were observed (Fig.Id) with increasing decay time. 
The latter indicated the growth of the polystyrene rich particles 
mean radius because of the particles coalescence (Fig.2). 

The time independence of optical thickness in the following 
stage of the process shows in our opinion that the polystyrene 
deposition on the windows took place. This made difficult the 
further observations of the particles formation in the volume. 
That is the reason why the light correlation technique allowed 
us to observe, unfortunately, only the initial stage of this 
process. At the end of this stage the light scattering is no more 
single one and requires an application of the multiple scattering 
theory. As shown in [8,9], it would lead to underestimate the 
particles radius. The further increase in the decay time (Fig.Id) 
was not related to the particles growth in the cell volume, but 


Fig. 1 a,b, c, d 
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was probably due to by the droplets coalescing on the windows. This deposition of the 

polystyrene rich phase formed the speckles patterns (on the 
screen placed behind the photodiode registrating the 
transmitted light), changing with time. Finally, when all the 
motions were vanished, we could assume from these patterns 
[10], that the film deposed on the windows became 
homogeneous. 

The sharp picks of the scattered light intensity (Fig. lc) 
indicated the formation and the falling of the great droplets. 
The width of these picks allowd us to estimate the maximal 
size of these droplets to be equal to 5-10 micron. Quantitative 
theory of these phenomena is in the course of development. 


Study of the particles formation and their growth from the demixion of the polystyrene-n- 
butane system by small pressure variations have demonstrated high efficiency of combined 
DLS and SLS measurements and allowed: 

- to estimate the size of forming particles and to observe the dynamics of their growth. 

- to make the preliminary calculation of maximal size of particles and to find the speed of the 
precipitation process. 

More detailed calculations will be published later. 
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Experimental work on resolution of ibuprofen and m-chrysanthemic acid by supercritical 
fluid extraction using carbon dioxide was carried out. The effects of extraction temperature 
and pressure were investigated on the yield and enantiomeric excess of extracts and raffinates. 
An efficient extraction procedure was developed for production of (-)-m-chrysanthemic acid 
and ( 4 )-c«'-chrysanthemic acid resulting in 90 % enantiomeric excess 


1. INTRODUCTION 

The majority of syntheses of organic compounds is performed under macroscopic 
symmetrical conditions, thus optical activity is not resulted. The product is the racemate 
containing two mirror image isomers that can be separated by molecular chiral recognition. 

The oldest example of molecular chiral recognition described by Pasteur [1] is the 
separation of enantiomers based on diastereoisomeric salt formation and subsequent 
fractionated crystallisation The principle of the enantiomeric differentation is that one of the 
salts formed with a chiral reagent is less soluble than the other, and thus precipitates from the 
solution. This enrichment of one of the enantiomers leads to the optical resolution 

Even nowadays, particularly in industrial processes, the separation of enantiomers of 
racemic acids and bases is based on this molecular chiral recognition. The less soluble, i.e. the 
more stable of these diastereomer salts crystallizes even if the chiral agent in the better soluble 
salt is replaced by an achiral reagent of similar chemical character, or eventually eliminated, or 
substituated by a solvent In this case, a mixture enriched with the more stable diastereomer 
can be isolated by filtration from the solution of the achiral salt of the enantiomeric mixture or 
the free enantiomers [2,3] 

For preparative and industrial scale separations of enantiomers the supercritical fluid 
extraction (SFE) seems very promising. The process of SFE with carbon dioxide allows 
variations in extraction parameters (pressure, temperature and extraction time) to find an 
optimal range both for maximum quantity and maximum optical purity of the product[4]. 


* This work was supported by OTKA (Hungarian National Science Foundation) under grant numbers 
F016880 and T0148887. 
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In addition SFE has the advantage of beeing carried out at low temperature, and thus it 
does not cause racemization or thermal decomposition of the enantiomers. In our previous 
work we have observed the molecular chiral recignition in supercritical carbon dioxide for 
several compounds [5], The present study was designed to explore the applicability of 
supercritical carbon dioxide for extraction of ibuprofen and m-chrysanthemic acid. 


2. EXPERIMENTAL 

2.1. Materials 

Both the racemic mixtures of various acids and the resolution agents (Table 1) were 
prepared in our laboratory. All the reagents were checked by analytical methods before use and 
no significant impurities were found 

Other reagents and solvents were obtained from commercial sources. The samples were 
prepared by mixing various chiral bases with racemic acids in 0.5:1 molar ratio. A porous 
supporting material (Perfilt), impregnated with these mixtures, was put into the extractor 
vessel and extracted with supercritical carbon dioxide. 

Optical rotation of extracts and raffinates was measured on a PERKIN-ELMER 241 
polarimeter. 

2.2. Apparatus and extraction 

Figure 1 shows the simplified flow diagram of the laboratory equipment First the extractor 
is filled with the prepared raw material and pressurised Once the system has attained the 
required temperature and pressure, the carbon dioxide is expanded into the separator through a 
micrometering valve, and the extract is precipitated in the separator. The carbon dioxide is 
evaporated and its volume is measured by a gas meter 


co 2 

storage 

vessel 


Pump 


€>-©—©■ 



Figure 1. Flow diagram of the laboratory equipment 
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3. RESULTS AND DISCUSSION 

The extraction of raw materials was carried out separately. Figure 2 shows the cumulative 
extraction yield (mass of extract /mass of raw material) as a function of the specific carbon 
dioxide consumption Straight lines were obtained, from the slope the approximate solubility of 
the compounds was evaluted The solubility data obtained this way are summarized in Table 1. 



0 too 200 300 400 500 600 

g CO, / g material 
p=100 bar, T=39.0 “C 

Figure 2. Solubility conditions of the raw material ( o (i)-cis-chrysanthemic acid ■ (±)~ 
ibuprofen □ S-(+)-2-benzylamino-l-butanol x /?-(+)-1-phenylethylamine • Perfilt) 


Table 1. Determined solubi lity data _ 

compound solubility 


wt % 


(±)-ibuprofen 

0.36 

R-(+)-a-phenylethilamine 

0.17 

(±)-cis-chrvsanthemic acid 

0,25 

S-(+)-2-benzylamino-butanol 

0.05 

Perfilt (supporting material) 

0 


The mixtures of racemic acids and chiral bases were extracted with supercritical carbon 
dioxide The extracts were collected as separate samples successively in time. Each of them 
was examined separately. The results of ibuprofen extraction are presented in Figure 3a. The 
extracts contained the (+)-enantiomer in 20-40 % optical purity while the raffinate was rich in 
(-)-enantiomer (enantiomeric excess= 44 7 %). Further purification of the extracts can be 
carried out by multiple extraction (Figure 3b) We have succeed to separate the cis- 
chrysanthemic acid mixture in a single extraction step with excellent enantiomeric excess for 
the (-)-enantiomer (greater than 95 %). The enantiomeric excess of the (+)-enantiomer was 90 
% after three subsequent extraction The resolution of ibuprofen was less efficient The 
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maximum enantiomeric excess of the (-)-enantiomer in the first extract was 44.4 %. Multiple 
extraction (two extraction steps) resulted (+)-enantiomer in 52 % enantiomeric excess. 


S-(+omer 


ee o = 0 % 


100 

80 

60 

40 

20 

racemic 

compound 


20 

40 

60 

80 

100 



extract 1. 

R-(-)-«iiaiitioiner 


extract 2. extract 3. extract 4. raffinate 

p=150 bar, T=37.5 °C 



S-(+> 'nantlotutr « « = 45.7 % 



Figure 3. Resolution of racemic ibuprofen by SFE using R-( ■ )-l-phenylethylamine 
a: simple extraction b: multiple extraction 

The pressure of the carbon dioxide (in the range of 90-150 bar) was found to have direct 
effect on the yield Figure 4a shows the effect of the pressure on the extraction curves of 
ibuprofen. All four runs were performed at 38.5 °C. When the pressure was increased from 90 
bar to 150 bar the carbon dioxide consumption was reduced to about 1/5 times. The 
enantiomeric excess of the extracts obtained from single extraction increased by 1.4 times for 
both acids (Figure 4b). 
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0 50 100 150 200 250 300 

g C0 2 / g racemic acid 
T=38.5 °C 
a 


ee (%) 



Figure 4. Effect of the pressure on the extraction curve (pressure: o 150 bar • 120 bar □ 
100 bar ■ 90 bar) and b) on the enantiomeric excess ((x cv.s-chrysanthemic acid + 
ibuprofen) 

The effect of the temperature was investigated only in the supercritical range (32.5-50 °C). 
A rise in temperature at constant pressure led to an increase in extraction yield (Figure 5a). 
Similar temperature effects was observed for c/.v-chrysanthemic acid. The temperature 
dependency of enantiomeric excess of the extracts obtained from single extraction was 
different for the different acids The enantiomeric excess of the tv.v-chrysanthemic acid extracts 
were 38 % and 75 % at temperatures 47 °C and 32 °C respectively. The enantiomeric excess 
of the ibuprofen was independent of the temperature (Figure 5b). 
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0 5# 1## 15# 29# 25# 3tt 

g CO 2 / g racemic acid 
p= 12# bar 


«(%) 
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a b 

Figure 5. Effect of the temperature a) on the extraction curve (temperature: • 32.5 °C □ 38.5 
°C ■ 44 °C) and b) on the enantiomeric excess ((x m-chrysanthemic acid + ibuprofen) 


The racemic acids were mixed with the resolution agents in different molar ratios (from 0.25 
to 0.75 base/acid ratios). A rise in molar ratio resulted in a decrease in the yield (Figure 6a) and 
an increase in enantiomeric excess (Figure 6b) 



« 5# ISO 15# 20# 


« (%) 



gCOj / g racemic acid molar ratio 

p= 15# bar, 1^37.5 °C p=15# bar, T=37.5 °C 

a b 

Figure 6. Effect of the molar ratio a) on the extraction curve (molar ratio: o 0.5 □ 0.6 

0.75) and b) on the enantiomeric excess ((x c/s-chrysanthemic acid + ibuprofen) 
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ABSTRACT 

Extraction of Thyme and Rosemary with C02 at 25 and 40°C and pressures up to 
250 bar is described and the results modelled, Single Sphere Models being best. 
Good data fits were obtained for both herbs when effective diffusivities D e were 
fitted at each temperature and pressure but variations of D e with temperature 
and pressure were physically more convincing for Thyme. 

1. INTRODUCTION 

This work is part of an EC funded study (1) of the best techniques for 
extracting saleable components from Thymus zygis, a herb which will survive in 
arid conditions where other plants are difficult to grow. This is a collaborative 
study involving participants from Portugal and France as well as England (2). 

Several extraction techniques are being studied, but the work described in 
the present paper is limited to extraction of Thymus zygis (Thyme) and 
Rosmarinus officinalis (Rosemary) with compressed C02 and the modelling of 
the data obtained. The latter aspect is important if the data are to be 'scaled up' 
with a view to the design and costing of potential processes. 

The herbs came from Portugal and had been sun dried but sufficient water 
remained in the dried stems and leaves to produce a volume of aqueous extracts 
which often exceeded that of the essential oils. Initial water contents for 
Rosemary and Thyme were 8.14% and 8.59% respectively. The residual water 
content after extraction were 1.85% for Rosemary and 3.53% for Thyme. 

Both an aqueous phase and an oily phase (including waxes and essential 
oils) were extracted from the herbs. These were collected separately as described 
in the next section. The essential oils in the oily extract were camphor, verbenone 
,P-myrcene, 1,8 cineole and limonene for Rosemary and thymol, geraniol and 
geranyl acetate,carvocrol and borneol for Thyme. 

Three models were used to simulate the observed extraction rates for the 
oily components. Each of employed the effective diffusivity De as an adjustable 
parameter. They were the Characteristic Time Model (3) two other published 
models here designated Single Sphere Models I (4,5) and II (6). In these models it 
is assumed that the solute is extracted from a particulate bed composed of porous 
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inert spheres which are all at the same stage of extraction and that the solute 
dissolves readily in the C02 within the porous structure. The last-named 
assumption is not unrealistic when applied to the early stages of the extraction of 
essential oils from herbs (for the most part these oils are quite highly soluble in 
C02). In the later stages however, the proportion of heavier (and less soluble) 
components in the extracts increases and the physical basis for the models, is 
then less clear. The rate of extraction of material from a given sphere is taken to 
be limited only by the rate of pore diffusion into the bulk gas phase (in the case 
of model I) or by pore diffusion and the resistance to mass transfer offered by a 
surface film (in the case of model II). 

Single Sphere Model I : The problem of diffusion of matter from a sphere initially 
at a uniform concentration when the surface concentration is maintained 
constant has been solved by Crank (7) and his equation (6.20) is (on substituting 
D e for D) the same as the expression for the mass extracted as a function of time 
given by single sphere model I. 



( 1 ) 


D e here is the effective diffusivity of the solute in the pores, t is the 
extraction time and R is the radius of the spheres, m is the mass of material 
extracted up to time t and mo is mass of extractable material initially present (In 
Crank’s notation mo = 1VL, the mass that would be extracted over an infinite 
extraction period). Since all particles are assumed to be at the same stage of 
extraction, Eq (1) can be applied equally to extractions from a single sphere and 
from an assembly of particles in a bed, provided the boundary conditions are 
satisfied. According to Eq (1) m/mo should be universal function of t/x where: 


T = 



( 2 ) 


When using Eq (1) for data fitting the summation to infinity was carried 
through until the difference between one term and the next fell below 0.0001. 
Physically D e in Eq (1) would be expected to be proportional to the average of the 
diffusion coefficient of the extracted components in the extractant gas, the 
constant of proportionality being dependent on pore characteristics and porosity. 
It should therefore be an increasing function of temperature and either a 
decreasing function of pressure or independant of pressure, depending on 
whether pore diffusion is predominantely molecular or Knudsen in type. In order 
to compare this model with experimental results values are required for mo and x 
for the given herb and conditions. These may either both be fitted to the data 
directly or alternatively an estimate for mo may be obtained from tests with other 
solvents in which case only x need be fitted to the data. Having determined x in 
this way D e may be estimated from it using Eq (2) with experimental values of R. 
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Single Sphere Model II (Equations 4, 5, 8, 9 and 10 in reference 6): In this model 
allowance is made for the resistance to mass transfer offered by the surface film 
surrounding the herb particles. The mass transfer coefficient kf was obtained 
from correlations proposed by Catchpole et al (8, 9) for mass transfer and 
diffusion into near-critical fluids. An average of the binary diffusivities of the 
major essential oil components present was used in calculating kf (these 
diffusivities were all rather similar because of their similar structures). 

Characteristic Time Model : This model was developed by Reverchon and Osseo in 
1994. As in model I it is assumed that the extraction is uniform along the bed 
(and in the form used) that the external film resistance can be neglected (see 
Equations 8 and 9 in reference 3). 

2. MATERIALS AND METHODS 

The extraction equipment used is shown in Figure 1. The C02 stream 
leaving the extractor vessel (V) contains dissolved material from the bed in 
solution and is decompressed in two stages (to 8 barg and to ambient pressure) at 
valves X and Y, throwing dissolved material out of solution. Extract collectors (at 
M and R) following the two pressure reductions are maintained at about ambient 
temperature and -85°C respectively. The extraction proceeds in stages. At the 
end of each stage, volatile material deposited in the medium pressure collector M 
and finking piping is transferred to R using a warm air stream. Likewise less 
volatile material not collected initially at M is washed from the first expansion 
valve and the tubing between this and M using hot acetone solvent. 

In the (usually brief) intervals between extraction stages the beds were 
allowed to stagnate at the appropriate temperature and pressure. Tests on the 
beds of Thyme and similar materials in which we have varied the stagnation and 
flow periods over wide ranges have shown that, for these systems, it is the flow 
time of the C02 which determines the extent of extraction, ie that extraction 
during the periods of stagnation is negligible for our equipment within the 
accuracy of our experiments. 

Two grades of C02 were used, an industrial grade (99.8% purity BOC 
grade LQ) and a higher grade (99.995% purity BOC Grade N4.5(CP)). Most of the 
impurity in the industrial grade is water. Only data for CP C02 are reported 
here. Industrial grade gave significantly (about 20%) higher yields for both 
Thyme and Rosemary at 200 and 250 bar and 40°C. This was probably due to the 
higher water content of this grade but this is still to be confirmed. 

A leaf/flower mixture (mostly leaf) was used for the extraction tests on 
Rosemary. A leaf/stalklet mixture (54% by weight leaf and 46% thin stalklets) in 
which the stalklets had been cut into 0.5 cm lengths was used for most tests on 
Thyme. However two tests were carried out in which leaves only were extracted. 



402 


Apart from Thyme extraction (25°C) and Rosemary extraction (40°C) at 
100 bar (with flow rates 450 g hr 1 and 350 g hr 1 respectively) the C02 flow rates 
used were 505 ± 15 g hr 1 in the Rosemary extractions and 360 ± 11 g hr 1 in the 
Thyme extractions. The bed diameter was 30.5 mm. 

Representative samples of the pre-treated material were analysed for 
water content for each herb using a Dean and Stark equipment and also for 
content of "oily" material (essential oils + natural oils + waxes) using the method 
of Bligh and Dyer (10). Samples were also subjected to a sieving procedure and 
examined microscopically to determine the range of sizes and shapes present. 
Samples of the residue material were analysed for water content. 

Figure 1: Flow Diagram of the Extraction Equipment 



3. RESULTS AND DISCUSSION 

3.1. Effects of pressure and temperature on extraction of “oily” material from 20g 
herb samples (CP grade C02 unless otherwise stated) 

The effect of pressure in range 100 to 250 bar for a temperature of 40°C is 
shown in Figures 2 and 3 for Thyme and Rosemary respectively. It is seen that 
whereas an increase in pressure beyond 100 bar produced only small changes in 
the mass of Thyme collected, a substantial increase occurred with Rosemary. ( A 
similarly large increase was also observed between 200 and 250 bar in less 
detailed tests with Origanum virens (2)). 

Typical extraction curves for Thyme and Rosemary at 25 and 40°C for an 
extraction pressure of 100 bar are shown in Figures 4 and 5 respectively where 
an increase in yield with temperature is shown for Thyme only. As pointed out in 
section 3.2., the behaviour of Thyme is more in accord with the premises of 
Single Sphere theory than is that of Rosemary. 

In the leaf-only tests for Thyme (not reported in detail) the yield was about 
30% higher than for the leaf-stalklets mixtures, implying a stalklet yield about 
half of that for the leaf. 
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3.2. Data modelling (Nomenclature as in Eqs (1) and (2)). 

For Thyme and Rosemary the values adopted for mo for 20g samples were 
0.333 and 1.44g respectively at all temperatures and pressures considered. The 
particle radii were 1.40 and 1.62 mm. Based on these radii ’’best fit” values for D e 

in the three models listed in the introduction were deduced from the 
experimental data and “best fit” curves were generated as in Figures 6 and 7. 







404 


The Characteristic Time Model was always found to give the worst fit and 
the Single Sphere Model II (which is not shown and which allows for film 
resistance) was not found to be appreciably better than the computationally 
simpler Model I for these systems. The values of D e obtained were about two 
orders of magnitude lower than the estimated binary diffusivities. 

In the case of the leaf/stalklet mixture of Thyme at 40°C, for example D e 

from the first model was about 5xl0' 12 m 2 s _1 at each of the pressures 100, 200 
and 250 bar. At 25°C and 100 bar the value was about 2.4xl0~ 12 m 2 s _1 . The 
values of D 12 for a typical essential oil in C02 at 40°C and the above three 

pressures were estimated (9) to be 240, 140 and 130xl0 10 m 2 s' 1 and, at 25°C and 
100 bar, 140x10 10 m 2 s _1 . 

In the case of Rosemary leaves, the values of D e required varied more 
widely with temperature and pressure (values range from about 2.3xl0 13 mV 1 
at 50°C and 100 bar, 7xl0 13 m 2 s _1 at 40°C and 100 bar to 3xl0 12 m 2 s _1 at 40°C 
and 250 bar).We believe that the physically unreasonable rise in D e with 
pressure at 40°C may be due to incomplete miscibility of some of the extracted 
components with supercritical C02 at 100 bar with consequent break down in 
model I for this herb at this pressure. However when D e was fitted at each 
pressure and temperature considered a good representation of the data was 
obtained. 

In the case of Thyme, Model I is probably adequate for interpolation and 
extrapolation purposes. 
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A recently developed equation of state on the basis of the generalized van der Waals model 
(GvdW-EOS) has been applied to the calculation of thermodynamic properties of mixtures. 
Only one adjustable mixing parameter for the critical temperature of the equivalent substance is 
required. Good agreement with experimental data for vapor-liquid and liquid-liquid equilibria 
has been obtained over a large temperature range for 29 binary mixtures. The agreement of 
mixture volumes is also satisfactory. Comparison with the Trebble-Bishnoi-Salim (TBS) 
equation showed that predictions of volumetric and the liquid-liquid phase equilibrium data 
are significantly better with the new equation of state, especially at very high pressures. 


1. INTRODUCTION 

Equations of state play a central role in chemical engineering design, especially for the 
calculation of phase equilibrium and thermodynamic properties at elevated temperatures 
and pressures. A generalized van der Waals equation of state (GvdW-EOS) for non-polar 
substances has been proposed recently [1] and applied successfully to the mixture methane + 
ethane [2], This work presents in short the application to several binary non-polar mixtures 
with improved mixing rules. The details will be presented in forthcoming publication [3]. 
This work also describes the application of the GvdW-EOS to the prediction of the pVT- 
behavior at very high pressures. 


2. FORMULATION OF THE EQUATION OF STATE 

The GvdW equation of state contains a hard repulsive term, a van der Waals attractive term 
linear in density, and a correction term for medium and low densities. The compressibility 
factor Z is written as 

Z — Zh — — • ppp + Z corr (1) 
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Z\ x is an expression for hard convex bodies[4]: 




1 + (3a — 2 )y + (3a 2 — 3a + l)y 2 — a(6a — 5 )y 3 

(i -y ) 3 


( 2 ) 


where y = v*/v is a reduced density and a is a measure of molecular anisotropy. It is 
calculated from v* with the help of a modelled geometric core of the molecule given by 
chemical intuition (rod, disc, polyhedron, prism, etc.) [5, 6]. A universal correlation for the 
temperature dependence of the hard convex body volume is used, hence v* } , the hard convex 
body volume at zero temperature, is the only adjustable parameter in Z\. The attractive 
parameter a/v* contains mainly the critical temperature, a c , and the parameter /? for an 
“energetic anisotropy”: 

4 = RT C [l2.8 + 9.6(a c - 1) + 12.03/?/ (t)] (3) 


where a c denotes a at T c ; / (Vj is an universal function of the reduced temperature 

T = T/T c . /? is the only adjustable parameter in the attractive term. 

The expression Z CO n is the correction for medium and low densities: 


Zcon — y 


(6+ q/)exp 


y 


vO.119) 


+ w exp I — 


y-y r d 

0.142 


(4) 


Z co tr ly is the sum of two Gaussians, the first centered at y — 0 to ensure the correct behavior 
in the limit of zero density, and the second centered at the rectilinear diameter y lA to provide 
the correct value of residual Helmholtz energy at high density. The temperature dependence of 
y xA is given universal [2], The parameters b and c, which determine the second and third virial 
coefficients, are given universally for non-polar substances [3]. The pre-exponential factor w 
has a dominating influence on the vapor pressure. Its temperature dependence requires two 
substance-specific correction parameters w\ and w^. 

To summarize, the GvdW-EOS contains 4 adjustable parameters: (3, w\, and w>. The 

adjustable parameters for the 11 substances investigated are listed elsewhere [3], 


3. MIXING RULES 

The mixing rules for the hard convex body part of the GvdW-EOS are given by theory [7]. 
The most significant parameter for the attractive part of the GvdW-EOS is the critical 
temperature. For the mixture, this is calculated for an “equivalent substance” as in the 
previous paper [2]: 

T c ,es - X/ X/ X * X k T c,ik (5) 

i k 

T c ,ik = -^(T c ,ii + T C]jtJ fc) • £ 


( 6 ) 
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Here (, the only adjustable mixture parameter, is treated as independent of temperature and 
composition. The mixing rules for “energetic anisotropy” is 


PS 


T 

7'r r. 


= Y,Y. x ' xk(i ' kI {^) 

nix { fa \- i c,*A:/ 


with p ik = -(/?,-,• + p kk ) 


(7) 


Finally, the mixing rules for the parameters of the medium and low density correction are 


^l,mix — ^ ^ 
i 

^2,mix - ^ X t W 2 ,i “ 2 X ' X ' k l< ™,ik 

i i k<i 


( 8 ) 

(9) 


where K 
hw,ik — 


Wt i k is a universal function: 

Tc,ii v c,ii ~ T c ,kk v c,kk 
+ T c M v c,kk 


( 10 ) 


4. RESULTS 

The binary mixture parameter ^ has been fitted to VLE data for 29 systems; its values are 
in Table 1. It should be noted that £ is independent of temperature and always very close 
to unity. The calculation of phase equilibria was performed by means of the algorithm of 
Deiters [ 8 , 9], The reproduction of VLE data and the predictions of LLE data, of excess 
volumes, of virial coefficients are very good for all 29 binary mixtures investigated [3]. 

Table 1 

Adjustable mixture parameter for the systems investigated. The values were obtained from 
VLE data by minimizing r.m.s. deviations in mole fractions of coexisting phases. 


mixture 

i 

mixture 

z 

mixture 

t 

N 2 + Ar 

0.980 

At + CH 4 

1.008 

c 2 h 6 + C 3 H 8 

0.997 

n 2 + o 2 

0.990 

ch 4 + C 2 H 4 

0.982 

C 2 Hft + C 4 Hio 

1.005 

N 2 + ch 4 

0.950 

ch 4 + C 2 H 6 

1.021 

C 2 Hft + C 3 Hi 2 

1.012 

N 2 + c 2 H 4 

0.949 

ch 4 + C 3 H 8 

1.042 

c 2 h 6 + C 6 H 6 

1.010 

n 2 + c 2 h 6 

0.989 

CH 4 + C 4 H 1 O 

1.060 

c 3 h 6 + C 3 H 8 

1.003 

n 2 + c 3 h 6 

1.010 

ch 4 + c 5 h 12 

1.072 

C 3 H 8 + C 4 Hio 

1.005 

n 2 + c 3 h 8 

1.003 

ch 4 + c 6 h 6 

1.045 

c 3 h 8 + c 5 h 12 

1.008 

N 2 + C 4 H 10 

1.025 

c 2 h 4 + c 2 h 6 

0.995 

c 3 h 8 + c 6 h 6 

1.002 

N 2 + c 5 h 12 

1.064 

C 2 H 4 + C 4 Hio 

0.970 

C 5 Hi 2 + C^H^, 

0.980 

n 2 + c 6 H 6 

1.020 

c 2 h 4 + c 6 h 6 

1.025 




408 


Table 2 

Comparison of molar volumes of liquid nitrogen(l) + methane(2) predicted with 
the GvdW and the TBS equations of state with experimental data [10]. 


Xl 

T/K 

p/MPa 

exp. 

F m /cm 3 mol 1 
GvdW 

TBS 

0.000 

110.09 

1.45 

37.639 

37.565 

37.059 



17.50 

36.494 

36.504 

36.217 



48.00 

35.033 

35.088 

35.220 



76.90 

34.009 

34.124 

34.617 



130.00 


32.840 

33.901 



200.00 


31.655 

33.326 


120.00 

1.00 

39.019 

38.987 

38.301 



9.00 

38.241 

38.246 

37.645 



42.10 

36.094 

36.176 

36.024 



91.60 

34.173 

34.335 

34.815 



128.10 

33.162 

33.395 

34.274 



200.00 


32.051 

33.587 

1.000 

110.09 

1.90 

44.656 

44.679 

45.056 



10.70 

40.645 

40.613 

39.608 



56.40 

34.500 

34.516 

33.560 



93.20 

32.442 

32.479 

32.033 



114.50 

31.590 

31.643 

31.473 



137.30 

30.852 

30.909 

31.014 



200.00 

29.520“ 

29.412 

30.168 


120.00 

2.80 

52.139 

51.733 

55.581 



13.80 

42.561 

42.487 

41.632 



48.60 

36.347 

36.316 

35.145 



99.30 

32.962 

32.949 

32.461 



117.30 

32.208 

32.187 

31.936 



137.40 

31.497 

31.473 

31.471 



200.00 

29.940“ 

29.829 

30.500 

0.503 

110.09 

1.45 

39.715 

39.619 

38.566 



10.20 

38.385 

38.255 

37.202 



27.90 

36.523 

36.452 

35.594 



78.10 

33.690 

33.666 

33.513 



108.10 

32.586 

32.635 

32.861 



137.80 

31.692 

31.836 

32.397 



200.00 


30.581 

31.740 


120.00 

3.30 

41.731 

41.620 

40.640 



20.70 

38.661 

38.561 

37.472 



76.30 

34.553 

34.523 

34.172 



107.50 

33.283 

33.290 

33.351 



137.70 

32.342 

32.380 

32.796 



200.00 


30.995 

32.037 


data from IUPAC table [11] 



Figure 1. Liquid-liquid equilibria (LLE) for nitrogen + ethane. - 
new EOS; • • • • , TBS equation; symbols, exp. data [12, 13]. 



0.2 0.4 0.6 0.8 


Figure 2. VLE isotherms for nitrogen + ethane. -: new EOS 

-, TBS equation; symbols, exp. data [14], 
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For comparison, we have also performed calculations with the Trebble-Bishnoi-Salim 
(TBS) equation, which contains also 4 adjustable parameters, and which is regarded as one of 
the best cubic equations of state [15]. Here a single binary interaction parameter was fitted to 
VLE data, too. We obtained a value of 0.035 for nitrogen + methane, and 0.038 for nitrogen 
+ ethane. In the case of the nitrogen + ethane mixture, while the VLE calculations of both 
equations of state turn out to be of similar quality (the binary interaction parameters were 
fitted to VLE data), the prediction of the liquid-liquid phase equilibria reveals differences: 
The TBS calculations give a too high nitrogen content in the nitrogen-rich liquid as well as 
for the consolute critical points (Figs. 1-2). The predictions of mixture volumes for nitrogen 
+ methane are presented in Table 2. While the GvdW-EOS shows very good agreement at 
all temperatures and pressures, the TBS-EOS gives too large results at high pressures; also 
the slopes of isotherms are too high. 
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A high-pressure circulation-type apparatus was designed and constructed to investigate the 
vapor-liquid equilibria (VLE) of systems containing limonene, linalool and supercritical 
carbon dioxide. VLE data of binary and ternary systems of these compounds can be 
determined in the ranges of pressure and temperature of interest for the deterpenation of cold- 
pressed orange oil. The preliminary results obtained for the binaries CC^-linalool and C0 2 - 
limonene were compared to data already published with acceptable accuracy and well 
correlated by a modified Soave-Redlich-Kwong (SRK) equation of state. 


1. INTRODUCTION 

Citrus essential oils are widely used as a raw material of flavour in food and perfumery 
industries. They are also called "cold-pressed oils" and contain more than 200 compounds 
which can be grouped in three fractions: the hydrocarbon terpenes (unsaturated compounds) 
that constitute the major amount (from 60 to 98% by weight) but have undesirable off- 
flavours characteristics; the oxygenated compounds (flavour fraction) that are directly 
responsible for the characteristic citrus flavour; and the non-volatile residues. 

Usually, the terpenes are removed from the cold-pressed oils (deterpenation) to concentrate 
the flavour fraction, thus resulting in a more stable product with improved solubility in the 
alcoholic solvents used in food and perfume processing. Supercritical carbon dioxide 
extraction appears as a promising and alternative technique to refine cold-pressed citrus oils 
[1,2, 3]. Potentially, it has the advantages that it can be carried out at mild temperatures, 
provides better yields and leaves no solvent residues. 

A common practice to study each citrus oil is to consider it as a binary synthetic mixture of 
its two more important components [4, 5, 6, 7]. For instance, the cold-pressed orange oil is 
usually treated as a mixture of limonene and linalool, representing the terpene and the 
oxygenated fractions, respectively. 

Several works have been done to study the application of the supercritical extraction 
technique but, from a thermodynamic point of view, there is still a major problem. It is 
concerned with the opposite tendencies of selectivity and yield; that is, high yields of terpenes 
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extracted by supercritical C0 2 are obtained with low selectivities between these terpenes and 
the oxygenated compounds [8, 9, 10] and this fact has to be addressed properly yet. 

Some binary phase equilibrium and solubility data of limonene and linalool with 
supercritical C0 2 can be found in the current literature [11, 12, 13, 14, 15]. However, the 
different ranges of pressure and/or temperature of these data cause difficulties and 
inaccuracies to calculate or predict the related compound selectivities. 

In this work, the basis for a proper answer to the selectivity problem between the two cited 
compounds is set. For this purpose, a high-pressure vapor-liquid equilibria circulation-type 
apparatus was designed and constructed. Some vapor-liquid equilibria (VLE) data of the 
binary systems C0 2 -limonene and C0 2 -linalool were determined and compared with data 
available in the literature. The results obtained were accurately correlated by a modified SRK 
equation of state that avoids the use of critical constants [16]. 

The study of the ternary system C0 2 -limonene-linalool is in progress and will be the matter 
of future work. 


2. EXPERIMENTAL SECTION 
2.1. Equipment and Procedure 

The schematic diagram of the high-pressure vapor-liquid equilibrium circulation-type 
apparatus is shown in Fig.l. The main piece of the equipment is a high-pressure phase 
equilibrium cell of approximately 100 cm 3 . The apparatus includes a compressed-air actuated 
piston-pump that allows to circulate one or both phases to bring the vapor and liquid in close 
contact with each other. This pump, the cell and all the related valves were placed in a 
constant-temperature water bath to have and to keep uniformely the desired temperature. 

The bath was turned on the day before the experiments. The equilibrium cell and all the 
lines were first evacuated. Then, the liquid heavy component was loaded from a scaled glass 
tank above valve V7. Carbon dioxide was finally pumped into the cell from a cooled storage 
unit through valves VI and V3 until the desired level of pressure was attained. The pressure 
was measured by a Data Instruments pressure tranducer model AB (range 5000 psi) with an 
accuracy of 0.1 bar. The temperature inside the cell was measured by a thermoresistance 
sensor (PT100S2) within ± 0.1 °C. 

The circulation of the vapor phase was initiated by starting up the air-compressed pump 
and about one hour was required to achieve the equilibrium condition. During this time, the 
temperature and pressure were recorded. Then, a small sample of the vapor phase was 
withdrawn through the third way of valve V5 to the sampling loop of the six-way valve V9. A 
similar procedure was done for the liquid phase through valve V6 to the sampling loop of the 
six-way valve V13. The volumes of 1 cm 3 and 0.5 cm 3 for the vapor and liquid loops, 
respectively, were small enough to insure a negligible pressure drop in the cell during the 
sampling. Subsequently, valves V9 and V13 were switched in order to decompress the loops 
through the expansion valves VI1 and VI5, which were heated properly. Glass traps were 
placed quite close to the expansion valves, cooled at -20 °C by a salt-ice mixture and filled 
with a calibrated amount of appropriated organic solvent (n-octane) to recover completely the 
heavy component. The organic solvent had been previously saturated with C0 2 to avoid its 
dissolution in the sample. The volume of C0 2 contained in the sample loops was measured by 
means of a burette connected to a liquid reservoir at atmospheric pressure. An inert liquid was 
chosen to prevent the absorption of C0 2 and the temperature of the gas inside the burette was 
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PP: piston pump 
VP: vacuum pump 
CP: circulation pump 
CT1, CT2: cold traps 
V5: three-way valve 
V9, VI3: six-way valves 
VII, VI5: expansion valves 
PI 1, PI2 : pressure indicators 
TI: temperature indicator 
VI: vacuum indicator 
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Figure 1. High-pressure vapor-liquid equilibria circulation-type apparatus. 
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measured. After recording the gas volume, supercritical C0 2 was flowed from the by-pass line 
through the sampling loops and the expansion valves. This was done to remove and recover 
completely the heavy component from the sample loops. The amount of heavy component 
trapped in the organic solvent was determined by gas cromatography in a GC mod. Shimadzu 
14-A with a Flame Ionization Detector and a Column Chromosorb W-17W SA-476,, with a 
dimethyl siliconic fluid as a stationary phase. 

2.2. Materials 

In these preliminary runs, Limonene (97%), Linaiool (97%) and n-Octane (99%) purchased 
from Aldrich Co. were used without further purification. Carbon dioxide with a purity of 
99,9% (supplied by Revoira srl) was used as received. 


3. RESULTS AND DISCUSSION 
3.1. Equilibrium data 

As recalled above, for the system C02-linaIool accurate data were recently published by 
Iwai et al. [14]. In order to test the presently proposed apparatus and procedure, this same 
system was first considered and measured. Some results are presented in table I and figure 2. 
It can be seen that the composition in the liquid phase is very close to the values of Iwai et al. 
[14]. 

Table 1 

Vapor-Liquid Equilibria for C0 2 (I) + Linaiool (2). 


C0 2 (1) + Linaiool (2) 

Present data at 5 

1 °C 

Data of Iwai et al. 

at 50 °C 

P (bar) 

Xi 

P (bar) 

Xi 

66.6 

0.5398 

40.0 

0.3449 

69.1 

0.5508 

60.0 

0.5167 

94.9 

0.7887 

79.9 

0.6906 



90.0 

0.8062 



97.8 

0.9420 


For the system C0 2 -limonene. the available data for the liquid phase refer to a pressure 
range different from that of C0 2 -linalool. In particular, we have considered measurements by 
Matos et al. [II], which were taken at 45 and 50 °C, respectively. In order to investigate a 
larger pressure range, a temperature of 60 °C was studied. Some results of the liquid phase 
composition are summarized in table 2. The same results are presented also in figure 3, where 
it can be seen that an increase of temperature has a strong effect on the amount of C0 2 that 
solubilizes into the liquid phase. Particularly, this effect is more pronounced from 50 to 60 °C 
than from 45 to 50 °C. 






Table 2 

Vapor-Liquid Equilibria for CO 2 (1) + Limonene (2) at 60 °C. 
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C0 2 (1) + Limonene(2) 

P (bar) 

Xi 

75.4 

0.5253 

81.8 

0.5782 

89.0 

0.6099 

100.7 

0.6626 


3.2. Correlation 

In order to correlate the results obtained, a modified SRK equation of state with Huron- 
Vidal mixing rules was used. Details about the model are reported in the paper by Soave et al. 
[16]. This approach is particularly adequated when experimental values of the critical 
temperature and pressure are not available as it was the case for limonene and linalool. Note 
that the flexibility of the thermodynamic model to reproduce high-pressure vapor-liquid 
equilibrium data is ensured by the use of the Huron-Vidal mixing rules and a NRTL activity 
coefficient model at infinite pressures. Calculation results are reported as continuous curves in 
figure 2 for the CO 2 linalool system and in figure 3 for CC^-limonene. Note that the same 
parameters values were used to correlated the data of CC^-limonene at 45, 50 e 60 °C. 



xt 


Figure 2. Vapor-liquid equilibria for CO 2 (1) + Linalool (2): ■ present data at 51 °C; □ data 
of Iwai et al. at 50 °C. 
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Figure 3. Vapor-liquid equilibria for CO 2 (1) + Limonene (2): ♦ present data at 60 °C; ■ data 
of Matos et al. at 45 °C; □ data of Matos et al. at 50 °C. 
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ABSTRACT 

The extraction of cork from cork-oak (Quercus suber L.) by high-pressure dioxane 
and supercritical C0 2 mixtures was studied at 170 bar and in the temperature range of 160°C 
- 180 °C. Suberin is preferably extracted, but extraction percentages were lower than 46%. 
Lignin extraction percentages are lower than 11%. Extraction selectivity did not change 
significantly with extracting fluid composition. The results so far obtained support the idea of 
the existence of an extensive polymeric system across the cell wall and the concept of a close 
interaction of suberin and lignin, which hinders lignin depolymerization and solubilization in 
the high-pressure fluid Fourier transform infrared spectra of cork, extraction residues and 
extracts are also presented. 

Key Words: Cork, high-pressure extraction, supercritical C0 2 , 1,4-Dioxane, suberin 

1. INTRODUCTION 


Extraction of lignocellulosic materials with dioxane has been used for quite some time 
as a method for lignin isolation at atmospheric pressure (1) or, as recently reported, at high 
pressure and with supercritical C0 2 mixtures (2-5). In this case, it was possible to extract 
from wood lignin oligomers with a low degree of chemical modification; hemicelluloses were 
also depolymerized and extracted, but cellulose remained without significant mass losses. 

Cork from the cork-oak (Quercus suber L.) differs chemically from wood, mostly by 
the presence of suberin as a major structural component (ca. 60% of extractive free cork) in 
addition to lignin and polysaccharides (6).The structure of suberin is not fully elucidated yet 
It is a cross-linked polymer with a polyester linked aliphatic domain containing fatty acids, 
alcohols, hydroxyacids and diacids and a phenolic, probably lignin-like domain. 

Recent work using the atmospheric dioxane extraction of cork has proved extremely 
difficult, yielding only small amounts of a lignin- enriched material (7). This was explained by 
the presence of suberin, a complex structure of phenolic and aliphatic domains and the 
interaction with lignin Further work using a saponified cork stressed these arguments (8). 

We report here the first results obtained in high-pressure extractions of cork with dioxane, 
C0 2 and dioxane - C0 2 mixtures seeking to obtain more information on the structure and 
interaction of cork cell wall components. 
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The effect of parameters, such as temperature and fluid composition on extraction 
yield and selectivity are reported. Fourier transform infrared spectra of cork, extraction 
residues and extracts are also presented. 


2. EXPERIMENTAL 

2.1. Apparatus 

The apparatus consists of a flow through extraction system that can be operated at 
pressures up to 400 bar and temperatures up to 200°C. This apparatus was described 
elsewhere (2). Its main piece is a 19 cm^ reactor, where 4-5 g of 40-60 mesh milled cork 
were placed between two G3 fritted glass discs. The reaction mixture is expanded into a 
series of three 35 cm^ precipitation traps A dual-head high pressure liquid pump was used to 
compress the solvent. One pump head was cooled with ice to pump liquid C0 2 while the 
other pump head was used for 1,4-dioxane 

1,4-dioxane proanalysi from Merck (99.5% min. purity) was used throughout the 
experiments. The water content of dioxane was less than 1%. Pure (99.995%) C0 2 used in 
this experiment was obtained commercially ( Air Liquide, Lisbon) 

To start a run, the heat was turned on and C0 2 was pumped at the desired flow rate. 
When both extraction temperature and pressure were reached, dioxane was pumped into the 
apparatus. Temperature stabilization was reached within two hours. The temperature gradient 
from the entrance to the end of the reactor was less than 5°C and the pressure was kept 
constant within 5 bar. The composition of the extracting fluid was kept constant during 
extraction within 2 % by adjusting the C0 2 flow rate 

Vapour-Liquid equilibrium measurements were performed for C0 2 +1,4- dioxane 
mixtures (9) . According to these data, all extractions were performed at conditions of 
pressure and temperature where the extracting mixture is monophasic. 

2.2. Sample preparation and cork analysis 

Cork from cork-oak (Quercus suber L.) was collected in a mill as residue obtained 
from the production of stoppers and a 40-60 mesh fraction was separated. This fraction was 
exhaustively extracted with dichloromethane, ethanol and water in a Soxhlet apparatus. High- 
pressure extractions were performed upon extractive -free anhydrous cork samples. 

The methods used for the determination of chemical compositions of cork and high- 
pressure extraction residues are adapted from the standard methods used for wood(6). 
Suberin was determined in extractive-free material by methanolysis (6), 1.5 g sample was 
refluxed with 250 ml of 3% NaOCH 3 in CH 3 OH for 3 h, filtered and the residue refluxed 
again with 100 ml CH 3 OH for 15 min. After filtration the combined filtrates were acidified to 
pH 6 with 2 M H 2 S0 4 and evaporated to dryness in a rotating evaporator. This residue was 
suspended in 100 ml H 2 0 and extracted three times with 200ml of CHC1 3 . The combined 
extracts were dried over Na 2 S0 4 , filtered, evaporated and determined gravimetrically as 
suberin. The Klason lignin content was determined by a procedure adapted from the Tappi 
method T222-os-74 that uses smaller sample sizes (10) employing previously desuberinised 
material. The acid soluble lignin content was determined by ultraviolet absorption in the 200 - 
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208 nm region Carbohydrate content was determined from hydrolysis liquors resulting from 
Klason lignin determinations by gas-liquid chromatography (GC) of the monosaccharides 
after derivatization to alditol acetates. 

2.3. Fourier transform infrared spectroscopy (FTIR) 

A Bio-Rad FTS 165 equipped with a DTGS detector was employed for recording the 
spectra using the KBr pellet technique The resolution of the spectrometer is 4 cm"' and the 
spectra were taken with 32 scans and a KBr pellet as background. SPEC AC KBr 
spectroscopic grade was used. Both KBr and the samples were milled previously for 10 
minutes in a Retsch ball-mill and placed in a oven at 105°C for 24 hours. KBr pellets were 
prepared with a sample concentration of 0 5%. Spectra of the following samples were taken : 
extractive-free cork, cork after being submitted to high-pressure extractions (extraction 
residues) and extracts obtained from high-pressure dioxane extractions. These extracts were 
isolated by the following procedure: extraction liquors were distilled under vacuum until 
dryness at 50°C to remove dioxane The material was placed in a oven at 105°C for 24 hours. 

3. RESULTS AND DISCUSSION 

3.1. Effect of extraction temperature and extracting fluid composition 

In Table 1 the chemical composition of the cork used in this work is presented. It 
shows that the material used contains lignocellulosic tissues, probably from the phloemic 
remains of the cork bark in the planks used for the production of stoppers The extraction 
percentages of the cork constituents were calculated based on the amount of constituents 
initially present in the extractive - free cork 

Table 1 


Cork chemical composition. 


Cork 

Extractives (%) 

13 8 

Suberin (%) 

29.9 

Klason Lignin (%) 

25.3 

Acid soluble lignin (%) 

1.3 

Polysaccharides (%) 

29.0 

Ashes (%) 

1.4 


Extractions with high-pressure dioxane at 170 bar and 0 41 g min"' mass flow rate 
were carried out at three different temperatures, 160°C, 170°C and 180°C. Extraction mass 
losses for these extraction conditions were approximately constant and about 19%. In Figure 
1 are depicted the extraction mass losses and extraction percentages of the several cork 
constituents as a function of temperature. Lignin contents represent the total lignin content 
(Klason lignin + acid soluble lignin). No significant variations of extraction percentages with 
temperature were observed. In these conditions suberin is preferably extracted 
Polysaccharide and lignin extraction percentages are low. These results differ significantly 
from the ones obtained for wood (2), in which at 180°C total hemicellulose removal occurred 
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and cellulose extraction percentages higher than 60% were obtained while at temperatures 
lower than 180°C no significant cellulose mass losses occurred. 



Temperature / °C 

CD Suberin B Lignin □ Polysac. □ Mass Loss 

Figure 1. Extraction mass losses and extraction percentages of suberin, lignin and 
polysaccharides as a function of temperature for extractions carried out with dioxane at 170 
bar and 0.41 g min' 1 mass flow rate. 

Similar results were obtained for extractions carried out at 170°C, 170 bar using C0 2 (5.3 g 

min" 1 ) or dioxane - C0 2 mixtures (dioxane mass flow rate was kept constant and equal to 

1.38 g min" 1 ) as extracting fluid. Extraction mass losses were in the range 5% - 15%. Lignin 
extraction percentages were lower than 6%. Suberin extraction percentages were in the range 
30% - 39%. No significant change of selectivity with the composition of extraction fluid was 
noticed. Once again, a completely different trend was observed when wood was submitted to 
the same extraction conditions. In this latter case, selectivity towards lignin increased with 
increased dioxane content in the extracting mixture (2). 

3.2. Characterization by Fourier transform infrared spectroscopy (FTIR) 

In figure 2 the following FTIR spectra are presented: a - extractive-free cork, b - cork 
after being submitted to high-pressure extractions (extraction residues) and c - extracts 
obtained from high-pressure dioxane extractions. 

The spectrum of cork is characterized by a dominant C - H band with two peaks at 
2927 cm" 1 and 2854 cm' 1 from aliphatic and olefinic C-H bonds in suberin and an intense 
C=0 band at 1740 cm' 1 to 1738 cm' 1 from aliphatic acids and their esters in suberin (7). 
Bands that are used as a diagnostic for the presence of lignin in a sample are : 1600 cm" 1 , 
1510 cm" 1 , 1465 cm' 1 and 1425 cm* 1 (11). All these bands with exception of the band at 
about 1600 cm' 1 are visible in the spectrum of cork. The intense broad band centered at 
about 1046 cm" 1 due to the presence of carbohydrates is also present. 




Absorbance 
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All the bands observed in the spectrum of cork are also visible in the spectra of high-pressure 
extraction residues (spectrum b). Only small changes in bands intensities can be observed. 
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The spectrum of the extract obtained in a extraction with high-pressure dioxane 
(spectrum c) differs significantly from the spectra of cork and extraction residues. The bands 
due to aliphatic and olefinic C-H bonds are more intense, the C=0 stretching band at about 
1730 cm' 1 decreases in intensity; the intense broad band at about 1046 cm''due to 
polysaccharides significantly decreases, but it is still visible. These differences are in 
accordance with the results obtained from chemical composition of residues This extracted 
material should be mainly composed of suberin, lower amounts of lignin or lignin degradation 
products and polysaccharide derived material. Thus, the three bands at about 2957 cm - ' , 
2925 cm - ', 2854 cm"' characteristic of suberin appear in this spectrum with increased 
intensity and a better resolution. The characteristic bands of lignin are also visible. 

4. CONCLUSIONS 

In the conditions studied suberin is preferably extracted. Lignin extraction percentages 
are low. No significant variations of extraction percentages with temperature were observed. 
Extraction selectivity did not change significantly with extracting fluid composition. The 
reason why significant changes of extraction yield and selectivity were not observed for the 
different conditions studied, is probably due to the close interaction of suberin and lignin, 
which hinders lignin depolymerization and solubilization in the extracting fluid. FT1R results 
are in accordance with the chemical composition of the samples showing also a selectivity 
towards suberin extraction. 
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1. INTRODUCTION 

Much current interest derives from the potential of SC C0 2 as an environmentally acceptable 
replacement for more conventional solvents. An other potential application of SC C0 2 is to use 
it to resolve some environmental problems. To recover organic polluants such as volatil 
organic compounds (VOC) and/or to reduce their concentration in effluent streams from 
environmental concern, activated carbon or other adsorbents are customarily employed. 
Supercritical carbon dioxide has proved to be an effective solvent in regenerating solid 
matrices due to its original characteristics. Regeneration of spent activated carbon alternative 
to conventional thermal regeneration, the latter being energy-intensive and accompanied by 
carbon loss. 

It has liquid like densities, gas-like viscosities and diffusivities at least an order of magnitude 
higher that of liquids which may result in superior mass transfer coefficients. There are some 
publications in the litterature since 1980 [2-12] concerning the experiments and some 
investigators [13-15] have proposed models. 

The first step of this study is to optimize the desorption experiments particularly the mass 
balance of the desorption process: expecially the separation between the solutes and C0 2 The 
first step of the process is the adsorption at atmospheric conditions of VOC (butyl acetate 
and/or xylenes). Two adsorbants were chosen to realize a comparison : activated carbon and 
zeolithe. We studied the desorption characteristics as a function of pressure, temperature and 
C0 2 flow rate. 

2. MATERIAL AND METHODS 
2.1. The apparatus (Figure 1) 

The solide matrices are saturated by the organics at atmospheric conditions and 30 g of 
saturated adsorbants (activated carbon : Acticarbone AC 40 5 mm from CECA S.A. La 
Defense 5, 92062 PARIS LA DEFENSE or zeolithe Wessalith Day from Degussa AG GB AC 
P.O. Box 110533 - D 6000 FRANKFURT 11) are introduced in the autoclave, with a stainless 
steel frit in the inlet and at the outlet column to retain the matrix being extracted. 

Butyl acetate ( 99%) is purchased by SIGMA and the mixture of xylene isomers (~ 65 %) 
diluted in ethylbenzene (*35 %) (with a purity of 98 % by SDS (BP 4 - VALDONNE - 13124 
PEYPIN). C0 2 (P = 5 MPa, T = 20°C) is cooled, pumped (Pmax = 25 MPa) then heated to be 
a supercritical fluid (Pc = 7,23 MB, TC = 31,1°C). It flows through a thermostated desorption 
column (L = 290 mm, <j> = 19 mm). At the outlet column, the mixture C0 2 -solutes is expanded 



424 


trough three valves and are separated in cyclonic separators! 16], At last C0 2 is vented through 
a rotameter and a gas meter. An originality of the process is to withdrawn the solutes at 
atmospheric conditions everytime we need. The solutes are weighted or analyzed by capillary 
gas chromatography if they are mixtures.We have also the possibility to use on-line 
supercritical fluid chromatography. The temperature of the first and second separator is 
different from the top to the bottom. The third separator temperature is the same as the bottom 
of the second separator. 


Atmospheric 

pressure 



PUMP 

Figure 1.Flowsheet apparatus. 

2.2. Analytical method 

Samples were analysed by gas chromatography on a Fractovap 2900 (Carlo Erba) 
equipped with a capillary column SE-54 (25 m x 0.32 mm ID). The FID temperature was 
100°C, the injector a split-splitless at 120°C, the oven temperature was 100°C. We used an 
internal standard n-decane for calibration, the samples were diluted in ethanol. 

3. RESULTS FROM EXPERIMENT 

3.1 Extraction for the separation between C0 2 and VOC. 

In order to improve this separation and to obtain a good mass balance, we decided to 
study the both extraction of butylacetate or xylenes. Cyclonic separators has been built in our 
laboratory, they are supposed to have a good efficiency but at this moment there are no data in 
the litterature to calculate such separators. The dimensions and the geometry are determined so 
the operating parameters were temperature and pressure : if we suppose we have no transfer 
problems, we have also enough equilibrium thermodynamic data. The results are summarized 
on table 1. 

The solutes are lost by two ways : 

-we can suppose that two phases are coexisting inside the separator : a xylenes liquid phase 
and a C0 2 gaseous phase. When we withdrawn the samples by the aim of a valve at the 
separator bottom, the pressure decrease is high (for example from 4 MPa to the atmospheric 
pressure), and samples are very volatils components. So a first step to obtain a better recovery 
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was to keep the bottles in i6ce, it is the change between experiment one and two. An other idea 
is to fill up the bottles with glass marbles so it is possible for the solutes to condensate at the 
surface of the cold glass marbles : such improvement is demonstrated between experiment 5 
and 6 : the yield recovery is increasing by 6 %. 

-the separation between solutes and C0 2 is assumed by three high performance separators 
which are cyclones. The efficiency of the separation is depending on the cyclone geometry, 
temperature, pressure. In fact the efficiency is increasing if the inlet velocity and dispersed 
phase density are increasing. But it decreases as the mixture viscosity is decreasing. The 
geometry of the separators is choosen, the decrease of the pressure from the supercritical 
conditions to the atmospheric conditions is depending on the valves. So the only parameter is 
temperature of the separators. The comparison between experiment 2 and 5 demonstrates this 
effect. These separation conditions were kept for all the other experiments with 
approximatively the same yield recovery. 

Table 1 

Extraction expriments : mass balance (yield recovery) 

Extraction pressure and temperature : 95 MPa, 45°C 

The solutes are the mixture of xylenes except for experiment 6 


Experiment 


1 

2 

3 

4 

5 

6 

Separator top temperature 

(°C) 

40 

30 

30 

25 

25 

29 

C0 2 flow rate 

(g/s) 

0.639 

0.508 

0.508 

0.598 

0.346 

0.390 

Separator bottom temperature 

(°C) 

10 

10 

20 

15 

15 

15 

First separator pressure 

(MPa) 

5 

5 

5.5 

5.0 

5.5 

5.5 

Second separator pressure 

(MPa) 

2.7 

2.7 

3.5 

2.7 

2.5 

2.5 

Third separator pressure 

(MPa) 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

Feed 

(g) 

6.116 

5.838 

6.350 

6.265 

6.573 

4.997 

Mass recovered 

(g) 

3.929 

4.282 

5.070 

5.200 

5.55 

4.538 

Yield recovery 

(%) 

64.2 

73.3 

79 8 

83.0 

84.5 

90.8 


3.2. Extraction experiments 

As during extraction, the phenomena are more easy to understand, we realized some 
experiments with xylenes mixture, butyl acetate and a mixture of two (30 %-50 %). It should 
be a way to obtain some cofirmation about thermodynamic data. The operating conditions are 
summarized on table 2. 

We can observe (figure 2) that the first step of the extraction is very quick : when butylacetate 
is extracted by liquid C02 (P = 8.5 MPa, T = 25°C), fifty per cent of the feed is extracted 
within five minutes The mass fraction of xylenes in SC C02 has a value near 7 %. The mass 
fraction of butylacetate is higher in liquid C02 (5,2 %-6 %) than in SC C02 (2,3 %-3,75 %). 
Generally speaking thesolubility of various solutes is higher in liquid C02 than in SC C02. The 
mass fraction for the mixture xylenes (butyl acetate is near 10 %) 
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Table 2 

Extraction Experiments 


Solute 

Feed 

(g) 

CO 2 flow rate 
(g/s) 

Pressure* 

(MPa) 

Temperature* 

(°C) 

Yield recovery 
(%) 

Butyl acetate 

6.034 

0.49 

8.5 

25 

88.2 

Butyl acetate 

6.181 

0.42 

9.0 

40 

83.8 

Xylenes 

4.997 

0.39 

9.0 

40 

90.8 

Xylenes 

6.118 

0.30 

9.0 

40 

88.3 

AB+XY 

7.205 

0.37 

9.0 

40 

86.8 

AB+XY 

7.247 

0.27 

9.0 

40 

87.9 


*pressure and temperature of the extraction column. 

AB + XY : mixture composed with butyl acetate and xylenes isomers (50 %-30 %) 
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3.3. Zeolithe regeneration (Figure 3) 

The comparison between the extract mass during the extraction (10 %) and the desorption 
(1.25 %) shows us that other effects than solubility are more crucial in the desorption process. 
The butylacetate regeneration is better than xylene regeneration: zeolithe is saturated by a 
mixture composed with butyl acetate (50 %) and xylenes isomeres (30 %), the extracts 
composition is butyl acetate (60-65 %) and xylenes isomers (35-40 %). The equilibrium 
thermodynamic and adsorption data could help us to explain these results. To increase the CO 2 
flow rate (Figure 3) contribute to decrease the desorption time but the lowest flow rate does 
not permit to desorbe completely zeolithe : this is suggestive of a film transfer resistance at 
lower flow rates. 
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Cumulated extract mass divided by saturated zeolithe mass (g/g) 



o ■-1-*-t-,-,-,_, 

0 1000 2000 3000 4000 5000 6000 7000 

«(*) 


Figure 3 

SC C0 2 flow rate effect.P=80 bars ,T=40°C 

The temperature effects (Figure 4) are in accordance with the results of Tan [7] and 
Srinivasan [10] who have studied the regeneration of ethylacetate from activated carbon. 

At a lower operating pressure (8MPa) the density effect seems to dominate, therefore the 
optimal regeneration condition is in the liquid phase. But at a higher operating pressure (10 
MPa), it seems that both density and viscosity effects are important hence an optimal 
temperature lies somewhere in the supercritical region. At the present time a general rule for 
obtaining the optimal temperature,however,has not been found yet. 

Cumulated extract mass divided by saturated zeolithe mass (g/g) 



0 1000 2000 3000 4000 5000 6000 


Figure 4 

SC C0 2 Temperature effect P=105 bars 

3.4. Activated carbon regeneration 

Two experiments were realized at the same pressure (8 MPa) and C02 flow-rate (0.38 
g/s) but the temperature was changing : 25°C (liquid C02) and 40°C (supercritical C02). The 
activated carbon was saturated with the mixture butyl acetate and xylenes isomers (50 %-30 
%). The results are in accordance with the litterature and our results concerning zeolithe ; the 





428 


regeneration with liquid CO 2 has a higher efficiency than supercritical CO 2 . The desorption is 
better with activated carbon than zeolithe : 14 g of VOC (100 g activated carbon) compared to 
9 g of VOC (100 g zeolithe). 

4.CONCLUSION 

The effects of temeprature, pressure and flow rate of carbon dioxide on regeneration 
effciency are examined. Our results are in accordance with those of the litterature. The 
originality of these study concerns 

-the withdrawn of the VOC at atmospheric conditions so they can be used or destroyed. 

- a good mass balance obtained working with VOC. 

- the better conditions for the regeneration seem to be obtain with liquid CO 2 (P = 8 MPa, T = 
20°C), this is a good new for developping an industrial process to purify air polluted by VOC. 
-the better conditions we have found were applied on a pilot plant by Separex Company. The 
activated carbon mass introduced in the autoclave was 25 kg and the results obtained were in 
agreement with laboratory experiments. 

Now we are collecting the thermodynamic data to developp the process modelling 
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A New Efficient Fractionation Process: The Simulated Moving Bed with 
Supercritical Eluent 

J.Y. CLAVIER, R.M. NICOUD, M. PERRUT. 

SEPAREX, BP9, 54250 Champigneulles, France. 


1. INTRODUCTION 

The development of preparative chromatographic processes in fine chemistry and in 
pharmaceutical industries is a very important field of research. This new process called SF- 
SMB (Supercritical Fluid Simulated Moving Bed) is a attempt to optimize preparative 
chromatography by three ways: the choice of a supercritical C0 2 as eluent, the 
implementation of the simulated moving bed, and the use of an elution strength modulation in 
the process, performing a pressure gradient. 

If elution and frontal chromatography are still the main implementations used in 
preparative processes because of the simplicity of their development, processes like true 
moving bed (TMB) or simulated moving bed (SMB) have been used for about 40 years in 
large scale separations in petroleum or sugar industries [1,2]. In these processes, a 
countercurrent between solid and fluid phase is realized (or simulated) in order to improve 
process productivities and to decrease the eluent consumption. These implementations are 
now developed for laboratory and small productions and find a lot of applications in 
pharmaceutical and fine chemistry industries [3,4], 

In a lot of industrial adsorption processes like PSA (Pressure Swing Adsorption) or TSA 
(Temperature Swing Adsorption), a variation of a physical parameter is used to increase the 
recovery yield of the purified product or to increase the productivity of the process [5], If 
such kind of variation is difficult to realize with liquid eluent SMB, the use of supercritical 
eluent is particularly appropriate to realize an elution strength gradient. In fact, the elution 
strength of supercritical eluents is varying with pressure and temperature and a lot of simple 
models describe the retention coefficient variations versus temperature and specific gravity of 
the eluent [6-8], If a temperature control is always difficult to handle because of the thermal 
inertia, this property can be used in SMB performing a pressure gradient between the 
different zone of the bed [9,10], 

After explaining the process concept, this paper presents the two steps of the process 
development. First a simulation software allows to set the different process parameters and 
gives an idea of the SF-SMB performances. Then, the pilot plant is described and 
experimental results confirm the numerical simulation expectations and prove the great 
interest of this process. 
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2. PRINCIPLE OF THE PROCESS 


The basic principle of a true moving bed is to use a countercurrent contact between solid 
and fluid phases. The feed to be processed (A + B) is injected in the middle of the column. 

The products with lower retention (A) follow the eluent direction enabling recovery at 
the top of the column. Products with higher retention (B) follow the solid direction where 
they can be recovered at the bottom of the column. 

The main drawback of true moving bed is the lack of control of the solid flow. This is why 
the simulated moving bed implementation is most often used. The system consists of at least 4 
columns connected in series. The solid is therefore fixed as a stationary phase in the different 
columns. The solid flow is only simulated by shifting the injection and collection points. That 
is, moving fronts of A and B appear in the system owing to elution, and these fronts are 
followed by shifting the injection and collection points. Consequently, the profiles are 
continuously moving within the system, but the effluent concentrations appear almost 
constant because of shifting of the collection points. 

It can be shown that the performances of simulated moving beds are equivalent to those of 
true moving beds [11], Also, SMB process has a lot of advantages compared to classical 
elution chromatography. With a continuous process, purified products are recovered at 100% 
with a low dilution and a low eluent consumption. Moreover, SMB process are not very 
sensitive to column efficiency and we can obtain very good product purities with even low 
column efficiencies [11], 

The parameter setting of liquid eluent SMB consist in a right and accurate setting of the 
inlet and outlet flowrates of the system [12], SF-SMB is more complex and 4 pressure and 4 
flowrates have to be set. The idea of SF-SMB concept to perform a pressure gradient in the 
different zones of the bed is illustrated in figure 1. 

The purpose of zone 1 is to stabilize the concentration front of component B in order to 
prevent B to be sent in zone 4 in the solid phase direction. The use of a high pressure in this 
zone allow increase the elution strength of the eluent and to decrease the flowrate in zone 1 
leading to reduce eluent consumption and to increase the concentration of the extract 
flowrate. 

Compared to an isocratic process where flowrates in zone 2 and 3 are determined by the 
objective to stabilize A concentration front in zone 2, and B concentration front in zone 3, 
in order to recover both components pure at the extract and the raffinate, the realisation of a 
pressure gradient between these two zones allow to decrease Q n and to increase Q m and 
therefore to increase the feed flowrate Q f ( as Q f = Q m -Q„) and finally the productivity of 


the system. 
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Figure 1 : Explanation of the interest to perform a pressure gradient in a moving bed 
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3. NUMERICAL PROCESS SIMULATION 


Before each separation, process parameters have to be determined through a numerical 
simulation software. Knowing the size of the system and the adsorption isotherm of the 
components, the software is able to compute the optimal set of flowrates allowing to perform 
the separation. 

The first step is devoted to the determination of adsorption isotherms. Several adsorption 
isotherm determination methods have been described [13], and we developed a laboratory 
apparatus allowing to determine very precise adsorption isotherms in supercritical fluids. 

In a second step, we use the thermodynamical data previously obtained, and we compute 
the SF-SMB separation performances 


1 8 C/Cfeed 
1.6 



Eluent 


-A with pressure gradient SMB 

- B with pressure gradient SMB 

A with isocratic SMB 
- B with isocratic SMB 


Raffinate 

A 


Isocratic implementation : 15 MPa 

Pressure gradient implementation : 20-16-14-10 MPa 

The 2 configurations are carried out with 
the same recycle flowate 
A and B have conpetitive Langmuir isotherms 


Figure 2 : simulated concentration profile in a TMB with or without a pressure gradient [14] 


A first model is used to compute the flowrates allowing to perform the separation with the 
greatest productivity. Then, the "mixed cell in series" model takes into account 
thermodynamic, hydrodynamic and kinetic properties of the system and compute the 
concentration profile inside the columns [14], In this model, we make the assumptions that 
the pressure drop inside the column is negligible compared to the pressure drop realized and 
controlled with the analogical valves, and we model the true moving bed assuming that the 
performance of SMB and TMB are equivalent. A mass balance equation is written for each 
stage and a classical Newton Raphson numerical method is used to solve the permanent state 
of the process [14]. 

Figure 2 presents a typical exemple of computed concentration profiles obtained with the 
software using or not a pressure gradient [14], 

The production of the pressure gradient implementation is found to be about twice the 
production that can be achieved by a isocratic implementation (using the same recycling 
flowrate). This improvement of process separation potential is due to the use of a pressure 
gradient between the different zones of the bed. If we observe the concentration profile, we 
see that the mean concentration of the components in the pressure gradient system is higher 
than the one of isocratic system. The component concentration can even be greater in the 
column than in the feed. This effect is in fact one of the main limits of pressure gradient 
because we are obviously limited by the solubility of the solutes in the fluid. 
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4. PILOT PLANT DESCRIPTION 

The pilot plant is composed of 8 columns of 33 mm of internal diameter connected in 
series. Six automated valves are placed after each column in order to connect the columns to 
the different inlets and outlets of the process (See figure 3). Analogical valves are located 
after each column (Un) and are used to control the pressures in the different zones of the 
process. Five analogical valves control inlets and outlets flowrates. 



Figure 3: Valve configuration between the columns 


Efficient control algorithms based on a representation of analogical valves have been 
developed in order to control simultaneously the pressure in the four zones and the inlet and 
outlet flowrates. The eluent pump is filling a high pressure reservoir maintained at constant 
pressure. The fresh eluent is sent to the eluent inlet and to a mixer M to be mixed with the 
feed. 

The purified products are withdrawn in three separate outlets composed of cyclonic 
separators connected in series. Pure products, free of eluent are recovered in the bottom of 
reservoir as the gaseous eluent is easily recycled after being liquefied in a condenser, pumped 
and heated to the desired temperature and finally sent to R2. 

5. EXPERIMENTAL SEPARATION RESULTS 

The separation of two fatty ethyl esters (GLA: y-linolenic ethyl ester and DHA: 
docosahexaenoic ethyl ester) has been carried out on the pilot plant. 

The stationary phase is a C18 bounded silica, granulometry 15 pm LiChrospher E.Merck. 
Two experiments will be compared. The first experiment has been carried out in almost 
isocratic conditions without the system allowing to perform the pressure gradient. The 
pressure drop in the column is low (15 bar on the 8 columns). In the third experiment, we add 
a pressure drop between the columns, using analogical valves, in order to obtain a global 
pressure drop of 90 bar. 

a) Isocratic implementation 

The pilot plant is carried out about 24 h with the following parameter setting determined with 
the numerical simulation software: 



Step time: 694 sec 

A system allows to determine the concentration of the components after each column. 
Figure 4 presents the concentration profile obtained with this configuration. 
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Figure 4: Experimental concentration profile in the simulated moving bed 
(isocratic implementation) 


The purities of the recovered fractions are: 

• Extract purity (DHA): 97.8 % 

• Raffinate purity (GLA): 97.7 % 

The total production of purified oil on the system is 33.1 g/day. 


b) Pressure gradient implementation controlled by analogical valves 
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The purities of the extract and raffinate recovered fractions are : 

• Extract purity (DHA): 99.9 % 

• Raffinate purity (GLA): 100.0 % 

• The total production of purified oil on the system is 122 g/day. 
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Figure 5: Experimental concentration profile in the simulated moving bed 
(pressure gradient with automated control through analogical valves) 


As it was predicted by the simulation software, the use of a pressure gradient allow to 
increase process productivity. In this last configuration, the production of the pilot plant is 
increased about 4 times compared to the first "isocratic" separation. The effect of the pressure 
gradient on the productivity can be estimated, dividing the experimental production by the 
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sum of the inlet flowrates in the pilot plant. We compare this way the production for a given 
amount of stationary phase and a given capacity of the eluent pump. Between the first 
"isocratic" and the last "pressure gradient" experiments, we increase the productivity of the 
system more than 2 times. 

We also observe that the concentration of the components in the simulated moving bed is 
higher than it was in the feed. In our case, the main limiting factor of process productivity was 
the adsorption capacity of the stationary phase, but, when this is the solubility of the solute in 
the eluent witch is limiting, the pressure gradient has to be set in order to take into account 
this constraint. In fact, compared to a liquid eluent SMB, SF-SMB improve the process by 2 
ways: supercritical eluents allow first to use much more important flowrates, and then, it is 
possible to perform a pressure gradient witch can increase drastically the productivity of the 
system. 

6. CONCLUSION 

A new preparative chromatographic process has been developed. This process combines 
the advantages of supercritical eluent in chromatography and those of simulated moving bed 
implementation. This complex process is developed in 2 steps. In a first step, an adsorption 
isotherm determination and a simulation software allow to give an estimation of process 
performances. Then, the separation is carried out on a pilot plant with the setting determined 
on the simulation software. The numerical and experimental results prove that the concept of 
this new process that is to perform a pressure gradient along the bed, improves drastically the 
process productivity. Some economical comparisons will certainly confirm the interest of SF- 
SMB compared to liquid eluent SMB, PSFC or HPLC technologies. 
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Clathrate compounds are crystalline molecules formed by a physical reaction 
between host molecules and low molecular-weight gases. The gas molecules 
occupy cavities in a network of host molecules composed of unit crystal 
structures. Experimental apparatus equipped with sapphire windows for visual 
observation was uniquely designed and built to measure clathrate phase 
equilibria. Phenolic compounds such as phenol and p-cresol were used as host 
molecules and carbon dioxide and methane as host molecules. The dissociation 
pressures and temperatures were measured for several binary systems in order 
to investigate clathrate three-phase (vapor-clathrate-organic liquid) equilibria. In 
addition, the four-phase dissociation pressure measurements for the ternary 
carbon dioxide(guest)-water(hostl)-phenol(host2) system were carried out in 
temperature and pressure ranges of 279-307K and 15.1-77.2 bar, respectively. A 
quintuple point at which the five phases coexist was also carefully measured. 
This study provide new experimental clathrate equilibrium data for the binary 
and ternary mixtures containing phenolic compounds. 

1. INTRODUCTION 

Clathrates are crystalline inclusion compounds formed by the physical reaction 
between host molecules and low molecular weight gases as guests. In the 
clathrate structure there are two different types of cages which can entrap guest 
molecules into the network of host molecules. The three-dimensional clathrate 
structures can be determined by X-ray diffraction method. 

Clathrate compounds are largely divided into two categories, aqueous and 
nonaqueous, depending on the host molecule. For aqueous systems, the 
compounds are called clathrate hydrates or gas hydrates. The host molecules for 
non-aqueous clathrates can be phenol-like compounds such as phenol, 
hydroquinone, dianin, and substituted phenols. For phenol clathrates it has been 
reported that two crystallographically distinct types of cages are formed and both 
cages are capable of including suitably sized guest molecules at limiting 
compositions (Atwood et al.[l]). Mandelcorn [2] summarized the maximum 
composition formulas of phenol clathrates and the detailed structure appeared in 
a paper by von Stackelberg, et al. [3] 
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The interest in clathrate hydrate research arose from the plugging 
phenomenon in pipelines used for natural gas transportation, resulting from 
clathrate formation in the line between contained water and gases, methane, 
ethane, propane, isobutane, carbon dioxide, and hydrogen sulfide. Nonaqueous 
clathrate compounds have been not studied to the extent of gas hydrate. Allison 
and Barrer [4] measured the dissociation pressures of the phenol clathrate with 
several guest gases such as Kr, Xe, CH 4 , and CO 2 over a limited temperature 
range. Their experimental work was mainly focused on the solid phenol- 
clathrate-vapor phase boundary lines. Barrer and Shanson [5] found that facile 
clathration can be effected by merely agitating the host crystals with small ball 
bearings at temperatures even as low as 77.1 K. Trofimov and Kazankin [6] 
reported that p-cresol forms the clathrate compounds with the gas species of 
molecular size smaller than 5.1 A. They also measured the dissociation pressures 
of p-cresol clathrates produced by the suitably sized guest molecules such as HC1, 
HBr, HI, H 2 S, Kr, and Xe. 

This paper present new clathrate equilibrium dissociation pressure data for 
the binary phenol-carbon dioxide, p-cresol-methane and ternary water-phenol- 
carbon dioxide over a range of temperatures above the normal melting 
temperature of phenol and p-cresol. 

2. EXPERIMENTAL 

2.1 Materials 

The methane used for the present study was supplied by Scientific Gas 
Products Co. and had a stated purity of 99.99 mol %. The carbon dioxide with a 
minimum purity of 99.9 mol % was supplied by World Gas Co. The phenol and p- 
cresol was from Sigma-Aldrich Chemical Co. with a purity of 99.1 and 99.0 mol 
%, respectively. The distilled water of HPLC grade also supplied by Sigma- 
Aldrich Chemical Co. was used. All chemicals were used without further 
purification. 

2.2 Apparatus 

A schematic diagram of the experimental apparatus is shown in Figure 1. The 
main part of the apparatus consists of an equilibrium view cell made of 316 
stainless steel and equipped with two sapphire windows at the front and back. 
The sapphire windows allowed visual observation of phase transitions between 
organic-rich liquid and clathrate phases at pressures up to 350 bar. The internal 
volume of the cell was about 50 cm 3 . The cell contents were agitated by a 
magnetic spin bar with an external magnet immersed in a water bath. The cell 
temperature was controlled by externally circulating water through 
refrigerator/heater. The temperature in the cell was measured by a K-type 
thermocouple with a digital thermometer (Cole-Parmer, 8535-26) of which the 
resolution is ±0.1 K. A factory-calibrated Heise gauge (CMM 104957, 0 bar to 
600 bar range) having the maximum error of ±0.1 bar was used to measure the 
equilibrium dissociation pressure. The thermometer was calibrated with ASTM 
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Figure 1. Schematic diagram of 
experimental apparatus used in 
this work: 1. equilibrium cell; 2. 
magnet; 3. pressure gauge; 4. 
thermometer; 5. rupture disc; 6. 
check valve; 7. high pressure 
pump; 8. CO 2 gas; 9. line filter; 10. 
water bath. 
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Figure 2. Four phase equilibrium lines 
for phenol clathrate of carbon dioxide: 
•, pure water; ■, pure phenol; ▲, 
phenol clathrate-carbon dioxide-rich 
liquid-water-rich liquid-vapor line; 

, phenol clathrate-phenol-rich liquid- 
water-rich liquid-vapor line. 


D900 mercury thermometer. The high-pressure pump (miniPump®, LDC 
Analytical, Inc.) was used to pressurize carbon dioxide, while a high pressure 
generator (High Pressure Equipment Co., 62-6-10) was used for methane. 

2.3 Procedure 

The experiment began by charging the equilibrium cell with about 30 cm 3 of 
either phenol/p-cresol or phenol-water solution mixture. The cell was then 
pressurized with either methane or carbon dioxide until the phenol clathrate 
formed under sufficient pressure. The systems were cooled to about 5 K below the 
anticipated clathrate-forming temperature. Clathrate nucleation was then 
induced by agitating the magnetic spin bar. After the clathrates formed, the cell 
temperature was slowly increased until the clathrate phase coexisted with the 
liquid and vapor phases. The nucleation and dissociation steps were repeated at 
least twice in order to diminish hysteresis phenomenon. The clathrates, however, 
exhibited minimal hysteresis and the excellent reproducibility of dissociation 
pressures was attained for all the temperatures and found to be within 0.1 K 
and 1.0 bar at each time. When a minute amount of phenol or p-cresol clathrate 
crystals remains and the system temperature was kept constant for at least 8 
hours after attaining pressure stabilization, the pressure was considered as an 
equilibrium dissociation pressure at that specified temperature. 
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Table 1 

Equilibrium hydrate and phenol clathrate conditions for water—carbon dioxide, 
phenol—carbon dioxide and water—phenol—carbon dioxide systems 


System 

Line type 

Temperature (K) 

Pressure (bar) 

water—carbon 

Lw-H-V 

275.4 

15.6 

dioxide 


277.8 

21.0 



280.1 

28.2 



282.4 

38.9 

phenol—carbon 

Lp-C-V 

314.2 

21.0 

dioxide 


315.6 

25.1 


316.7 

30.3 



317.8 

39.5 



318.8 

51.6 



319.1 

63.1 



319.2 

73.1 



319.3 

99.2 

water—phenol— 

Lw-Lp-C-V 

290.1 

291.9 

15.0 

20.8 

carbon dioxide 


293.2 

30.0 



293.6 

42.5 


Lw Lp Lc C V 

293.7 

57.2 


3. RESULTS AND DISCUSSION 

The hydrate and phenol clathrate equilibrium data of the water-carbon dioxide, 
phenol-carbon dioxide, and water-phenol-carbon dioxide systems are presented 
in Table 1 and depicted in Figure 2. In order to establish the validity of the 
experimental apparatus and procedure the hydrate dissociation pressures of 
carbon dioxide measured in this work were compared with the data available in 
the literature (Deaton and Frost [7], Adisasmito et al. [8]) and found that both 
were in good agreement. For the phenol-carbon dioxide clathrate equilibrium 
results, as seen in Figure 2, the dramatic increase of the dissociation pressures in 
the vicinity of 319.0 K was observed. It was also found in the previous study 
(Kang et al. [9]) that the experimental phenol-rich liquid-phenol clathrate-vapor 
(Lp-C-V) equilibrium line of the binary phenol-carbon dioxide system could be 
well extended to the phenol clathrate-solid phenol-vapor (C-S p -V) equilibrium 
line (Nikitin and Kovalskaya [10]). It is thus interesting to note that a quadruple 
point at which four individual phases of phenol-rich liquid, phenol clathrate, solid 
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phenol, and vapor coexist in equilibrium appeared at 313.2 K and 19.0 bar. The 
phenol-rich liquid-solid phenol-vapor (L p -S p -V) line starts at the melting 
temperature of 314.0 K at 1 bar, linearly decreases and finally terminates at the 
melting temperature of 313.2 K at 19.0 bar. 

For the ternary water-phenol-carbon dioxide system, several interesting 
phenomena were observed. As shown in Figure 2, the four-phase, water-rich 
liquid-phenol-rich liquid-phenol clathrate-vapor (L w -L p -C-V), dissociation 
pressures were measured at several temperatures near 293.0 K. Like above the 
phenol-carbon dioxide clathrate equilibrium results, the dramatic increase of the 
four-phase dissociation pressures was observed in a vicinity of 293.0 K. One of 
the most interesting results observed in this work is that a quintuple point at 
which the five phases of water-rich liquid, phenol-rich liquid, carbon dioxide-rich 
liquid, phenol clathrate, and vapor coexist in equilibrium was carefully measured 
and found to be 293.7 K and 57.2 bar. 

Figure 3 shows the clathrate equilibrium measurements for p-eresol-methane 
and the results are presented in Table 2. Contrary to phenol-carbon dioxide, the 
clathrate equilibrium dissociation pressure line for p-cresol-methane 
monotonously increases with temperature. This dependence is similar to that 
observed with gas hydrates and clathrates. 

4. CONCLUSION 


A new experimental apparatus was built to measure the clathrate dissociation 
pressures and equilibrium compositions of liquid phases which coexist with the 
clathrate phase. The pressure-temperature behavior of the binary phenol-carbon 



Temperature (K) 


Table 2 

Equilibrium dissociation pressures for 
p-cresol-methane system (p-cresol-rich 
liquid-clathrate-vapor) 


Temperature 

(K) 

Pressure 

(bar) 

310.4 

79.7 

309.4 

97.4 

308.7 

129.6 

308.2 

151.2 

307.3 

170.6 

306.6 

198.6 

305.7 

219.8 

304.3 

252.9 

303.3 

300.0 


Figure 3. Experimental clathrate 
dissociation pressures of the p- 
cresol-methane system 
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dioxide, p-cresol-methane and the ternary water-phenol-carbon dioxide systems 
was measured over the wide temperature and pressure ranges. For the binary 
phenol-carbon dioxide system, the dramatic increase of the dissociation 
pressures was observed in the vicinity of 319.0 K. Three four-phase equilibrium 
lines of the ternary water-phenol-carbon dioxide system were also measured. In 
particular, a quintuple point at which five individual phases can coexist in 
equilibrium condition was carefully measured and found to be 293.7 K and 57.2 
bar. A possible application of the clathration process to the separation of phenol 
from aqueous solution was demonstrated by measuring the isobaric three- and 
four-phase equilibrium compositions of the ternary system at 30.0 bar and six 
temperatures ranging from 278.2 to 303.2 K. 
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Three Phase Flash Calculation under High Pressure Using Continuous 
Thermodynamics Method 
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1. INTRODUCTION 

In the past decade many works have been done in the fields of continuous thermo¬ 
dynamics. A long fundamental lines were studied with a particularly important contribution by 
Gualtier, Kinenid and Morrison[l], They have stressed on mathematical relationships, 
representing the viewpoint of theories with little attention to engineering problems. Papers by 
Cotterman et al [2][3], Ratzch and Kehlen [4][5]{6] made great contributions toward potential 
application. Cotterman et al. compared continuous distribution results with discrete component 
results on polymer and petroleum systems. Kehlen provided a mathematical analysis for 
continuous thermodynamics. A comparison of distribution functions for phase equilibrium 
calculations of continuous mixtures was made by Wang[7], Application to adiabatic flash and 
distillation was demonstrated by Chou and Prausnitz[8] and Kehlen and Ratzsch [6], Ying[9] 
presented a new method based on spline fit. This new method can be used for any arbitrary 
distribution of mixtures. Continuous thermodynamics method has great advantages in the 
aspects of accuracy, efficiency and reliability. So far, the three phase flash calculation using 
continuous thermodynamics method has not been described in the previous literature. In this 
paper, the high pressure separator in hydrocracking system is discussed with continuous 
thermodynamics method. Good results have been obtained. 

2. RELATED EQUATIONS: 

To fix the problem, temperature, pressure and feed composition are generally specified, so 
that the composition and relative amounts in outlet are to be calculated. For implicitly, a 
complex fluid mixture with k discrete components and only one family of continuous fraction 
are concerned. So the system must satisfy the following equations: 

2.1. Material balance: 

h = y, + Al - a)*,* +0 - aXI - /?)*,' ( 1 ) 


Tliis project is supported by NSFC. 

44 To whom coorespondence should be address. 
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t 1 f F f (I) = arf F r (I) + (1 - aWF* (/) +(1 -aft- P)^ F 1 ' (/) 

2.2 Phase equilibrium: 

A=A = 

= yd 

/(./)=/(/)=/(/) 

rfF v (I)<p v (/) = ti d F L ‘ (I)<p L ' (/) = /F '* (I)<p Li (/) 


2.3. Normalization equations: 

2>, V = Z*' V//^(^ = IX +T1 1 ' \jF L \l)d] = 1 


here: 


F(I) — distribution function 
77 — mole fraction 

/? — liquid phase splitting factor 

subscript: 


/ — distributed variable (e. g. temperature) 
a — fraction vaporized 
/j. — chemical potential 


F 

L‘ 


— feed V — vapor 

— light liquid L h — heavy liquid 

. Combining these equations, for continuous fraction, it is obvious that: 

V 


tj F (I) = 


~ F F F (I) 


a , (1;«) , (1-«X1 -P) 


K'(I) 


K (I) 


( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 
( 7 ) 


( 8 ) 


Tj‘ ! F L '(I) = r 


1 F F F (I) 


v F l (/) = 


{\-a){\-P) + aK , (I) + 

_ 1 F F F (I) 


P(l-a)K'(I) 

K\I) 


P( 1 - cc) + aK h (I) + i 1 — 


( 9 ) 

( 10 ) 


here define: 


L 'F L \n 


K\I) = 


n e F r u)/ 

Xn‘ f 1 U) 


( 11 ) 


By solving these equations using the method proposed by Mauri[10], a and P can be 
easily calculated, then the discrete components compositions and continuous fraction 
distribution in the outlet can be obtained. In the calculation, the distribution function was 
calculated by a cubic spline fit method by Ying [9], 


3. EQUATION OF STATE(EOS) AND DISTRIBUTION FUNCTTION: 

The P R EOS for mixtures is taken to calculate the fiigacity coefficient. The continuous 
P R EOS can be found elsewhere. In our method, normal boiling temperature is taken as the 
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distributed variable and the distribution function is the experimental TBP distillation. It has 
great advantages to select distribution function given above. 

4. RESULTS AND DISCUSSION: 

The flash of 27-multicomponent mixtures in the high pressure hydrocracking separator were 
calculated in this paper. To those polar components, special treatment were used. The 
properties M, Tc, Pc of petroleum fractions were calculated by Riazi and Daubert [11](1980) 
correlations, and co was calculated by Lee and Keslefs correlation. A group of typical results 

Table 1 Three Phase Flash-Calculation Results for a Semicontinuous Mixture at 49 C and 
164.8bar 


mol% 

component 

feed 

liquid 

water 

vapor 


specified 

calcd 

exptl 

calcd 

exptl 

cacld 

exptl 

ICO 

0.0349 

0.0002 

0.0002 

0.9311 

0.9300 

0.0006 

0.0007 

NH3 

0.0013 

0.0000 

0.0000 

0.0330 

0.0350 

0.0000 

0.0000 

ICS 

0.0036 

0.0063 

0.0059 

0.0359 

0.0350 

0.0028 

0.0019 

H2 

0.7330 

0.0821 

0.0999 

0.0000 

0.0000 

0.8521 

0.8525 

CH4 

0.1190 

0.0679 

0.0721 

0.0000 

0.0000 

0.1309 

0.1306 

C2-C5 

0.0293 

0.1631 

0.1542 

0.0000 

0.0000 

0.0125 

0.0131 

Heavies 

0.0791 

0.6804 

0.6677 

0.0000 

0.0000 

0.0018 

0.0011 



TEMPERATURE / C 

Figure 1 Calculted and experimental distribution 
of heavies for a semicontinuous mixtures 

were shown in Figure 1 and Table 1. The results are reasonable and are in line with the 
experimental data from a home-made bench-scale equipment in FRIPP, China. Continuous 
thermodynamics method is also a time saving method. From Figure 1 and Table 1, it is found 
that the distribution of liquid phase petroleum fraction is very rather similar to that of feed, 




444 


because there were little ammounts of petroleum fraction which were dissolved in water phase 
even though the system pressure is veiy high. Other examples were calculated using this 
method, similar results were also obtained. It illustrates that continuous thermodynamic 
method is a good approach for three phase flash calculation of continuous or semicontinuous 
mixtures. 
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Representation of the Ternary System CO 2 - H 2 O - CH 3 OH 
E. Rauzy, F.Sablayrolles, C. Rebufa and C. Berro 

Laboratoire de Chimie-Physique, Faculte des Sciences de Luminy 
13288 Marseille cedex 9, France. 

1. INTRODUCTION 

Supercritical fluids such as carbon dioxide can be used as solvents to extract organic 
compounds from aqueous solutions. In order to achieve recoveries of these products often in 
low concentration, cosolvents as methanol or other alcohols have been added to improve the 
solubility and the selectivity of the primary fluid To optimize the extract recovery, the 
knowledge of phase equilibria of the ternary system carbon dioxide-methanol-water is required 
at different temperatures and pressures. 

The aim of the study is to represent the phase equilibria of three binary systems, carbon 
dioxide-methanol, carbon dioxide-water and water-methanol and to predict from binary 
interaction parameters these of ternary system. 

The model used combines two equations of state and an excess function. It has been already 
developed to represent the thermodynamic properties of carbon dioxide-hydrocarbons mixtures 
[1] 

2. DESCRIPTION OF THE MODEL 

Briefly, we recall the method described previously [1]. The model « excess function- equation 
of state » explained elsewhere [2], allows us to write the molar Helmoltz energy at the mixture 
as follows : 

A(T , T], X;) - A'(T, 77, x t ) = £*,[/!,(T, 77) - a;(T, 77)] + A? a (l T, rj,x ,) ( 1 ) 

i=l 

where A’ and A, are the ideal-gas molar Helmoltz energy and A r J the excess residual energy 
defined at constant packing fraction denoted by 77 

Thermodynamic properties of pure compounds are calculated by equations of state. For carbon 
dioxide, an acurrated equation of state, the IUPAC equation [3] is used. 

For water and methanol, we have chosen the Peng-Robinson type equation of state. 

P = -^~ with y = 2(i/2 +1) (2) 

v - b v(v +yb) 

where b is the pseudo-covolume estimated from critical specificities and a(T) the attractive 
term calculated according to the Carrier and al. [4] procedure. 



446 


It depends on two parameters m, and m 2 . The values of the normal boiling temperature T b , the 
critical temperature and pressure T c , P c and parameters m h m 2 are given in Table 1, for each 
component. 


Table I : Thermodynamic properties of the pure compounds and param eters used in the model 


Compon 

T b / 

T c / 

P c /b 

m, 

ITI2 

C0 2 

194.7 

304.2 

- 

- 

- 

H 2 0 

373.1 

647.3 

221.2 

1.358 

0.165 

CH 3 0 

337.7 

512.5 

80.9 

1.080 

-0.170 


As shown previously [2], the residual excess Helmoltz energy can be written : 

q^jX.XjE^T) 

£*,f, 

i=1 

where E,j is the binary energy parameter and q h a surface fraction such as q, = 8 , b u with 8 , an 
adjusted parameter, in the case of the binaries with the carbon dioxide. The values of S t depend 
on temperature and are respectively 8 ) = 4.9704-0.00719. T for the methanol, and 82 = 6.349- 
0.009J5. T for the water. 



Ln{\ + y'q) 


with y'= 20 


( 3 ) 


For the methanol-water system, the surface parameter qj is subtituted by the volume parameter 
b„ 

The interaction energy parameter owns two forms according the binary studied : 


- first form : 

Ejj (r) = E-J X with To = 298.15 K 


( 4 ) 


Table 2 : Parameters value of binary energy parameter 


Systems 

E;j° / J.C 

r 

methanol - water 
methanol - carbon dioxide 

856.31 

673.15 

-1.762 

-1.319 


- second form : (used to represent water-carbon dioxide system) 

E ij (T)=a+/3.T.Ln(T) + A.T inJ.cm' 3 (5) 

with a = -5018.172, P= 13 645, X = 102.580. 

3. RESULTS AND DISCUSSION 

For the three binary systems, the high and low pressure vapor-liquid equilibria results are 
summarized in Tables 3, 4, 5 and 6 
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In the followed tables, the average relative deviations are such as 


U>/P(V»)='^-±{P„„-P cak )/P„ p 

y p l-l 

(6) 

AAT/AT(%) 4 00 i (X„ p - X calc )/X„ p 

N p i=l 

(7) 

square deviation is defined as follows : 


d(%) = ioo.[(x„ p -x Mt )/x „ p ] 2 

(8) 


Table 3 : Isothermal Vapor-Liquid Equilibrium results for Methanol-Water 


Temperature 

/K 

Pressure 
/ bar 

Number 
of data points 

Source of 
experimental data 

AP/P 

(%) 

243 - 474 

0.0005 - 39.50 

414 

[51 to |181 

1.87 


Table 4 : Isobaric Vapor-Liquid Equilibrium results for Methanol-Water 


Pressure 
/ bar 

Temperature 

IK 

Number of 
data points 

Source of 
experimental data 

AP/P 

(%) 

0.26 - 5.07 

307 -421 

605 

[101,(191 to [441 

2.35 


Table 5 : Isothermal Vapor-Liquid Equilibrium results for Methanol-Carbon dio xide 


Temperature 

IK 

Pressure 

/ bar 

Number of 
data points 

Source of 
experimental data 

AP/P 

(%) 

230 - 478 

1.90 - 165.00 

306 

1451 to [54] 

2.52 


Table 6 : Isothermal Vapor-Liquid Equilibrium results for Carbon dioxide - Wa ter 


Temperature 

IK 

Pressure 

/ bar 

Number of 
data points 

Source of 
experimental data 

AP/P 

(%) 

288 - 573 

1 -500 

290 

[551 to [611 

4.76 


Table 7 : Isothermal Vapor-Liquid Equilibrium results for C0 2 (1) - H : 0(2) - CH 3 OH(3) 


T = 313.15 K Experimental data of Yoon [51| 

P / bar 

_Xi,t«p 

^l.calc 

^2,exp 

^2,calc 

d 

Y,.„„ 

^l.calc 

Y 2.ein 

^ , 2.calc 

70 000 
70.000 
70.000 
70.000 
70.000 

70.000 

Average 

0.0390 

0.0690 

0.1430 

0.2330 

0.2980 

0.3250 

relative c 

0.0505 

0.0849 

0.1484 

0.2227 

0,2928 
0.316IL 
eviation : 

0.2200 

0.3540 

0.4850 

0.5480 

0.5740 
0.5720 
m X] = 10 

0.2175 

0.3476 

0.4806 

0.5537 

0.5776 

0.5788 

.88% on 

0.0118 

0.0172 
0.0069 
0.0118 
0.0064 
0.0112 
K 2 = 1.12°/ 

0.9940 

0.9930 

0.9910 

0.9900 

0.9890 

0.9890 

O 

0.9935 

0.9919 

0.9901 

0.9888 

0.9879 

0.9876 

0.0050 

0.0060 

0.0070 

0.0080 

0.0100 

0.0100 

0.0050 

0.0069 

0.0089 

0.0104 

0.0116 

0.0119 

T = 298.15 K Experimental data of Chang 

[47|. 

P / bar 

^l.exD 

■^l,calc 

^2,exp 

^2.calc 

^3.cxd 

Xj.cale 

d 

^l.calc 

^2. calc 

^3,calc 

5.207 

8.307 

12.733 

16.411 

20.756 

26.034 

31.190 

0.0279 

0.0469 

0.0670 

0.0830 

0.1070 

0.1427 

0.1775 

0.0265 

0.0435 

0.0684 

0.0888 

0.1131 

0.1442 

0.1736 

0.8051 

0.7949 

0.7846 

0.7700 

0.7487 

0.7205 

0.6879 

0.8034 

0.7963 

0.7828 

0.7649 

0.7435 

0.7194 

0.6913 

0.1670 
0.1582 

0.1484 

0.1470 

0.1443 

0.1368 

0,1346 

0.1701 

0.1602 

0.1487 

0.1463 

0.1434 

0.1365 

0.1351 

0.0022 

0.0037 

0.0023 

0.0077 

0.0080 

0.0019 

0.0052 

0.9705 

0.9811 

0.9871 

0.9897 

0.9915 

0.9927 

0.9935 

0,0281 

0.0181 

0.0123 

0.0099 

0.0082 

0.0070 

0.0062 

0.0014 

0.0008 

0.0005 

0.0004 

0.0003 

0.0003 

0.0002 
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Table 7 (continued) 

35.566 

KM 

0.2019 

n 


0.1268 






40.743 

HI 

mm 

in 

UsS 

0.1217 

0.1228 

0.0110 

0.9941 



45.595 

m 

Wm 

0.5591 

0.6012 

0.1095 

OH 

0.0679 

0.9944 

0.0053 

0.0003 

Average relative deviation 

: on Xi = 

5.46% on X 2 = 1.20% on X, = 1.39% 



T = 273.15 K Experimental data of Chang 

HZL_ 


m 



E3HS 

EM 


d 




2.472 


0.0219 

0.8218 

0.8187 

0.1589 

0.1593 

0.0041 


0.0140 



0.0474 

0.0526 

0.7971 

0.7930 

0.1555 

0.1545 

0.0066 

0.9937 

0.0061 

eeUI 

9.107 

0.0766 

0.0841 

0.7742 

0.7684 

0.1492 

0.1475 

0.0095 

0.9959 

0.0040 

0.0001 

13.756 

0.1197 

0.1302 

0.7376 

0.7295 

0.1427 

0.1404 

0.0133 

0.9971 

0.0028 

0.0001 

19.034 


0.1868 

0.6869 

0.6821 

0.1329 

0.1311 

0.0081 

0.9978 

0.0021 

0.0001 

25.193 

HH 

0.2655 

0.6318 

0.6199 

0.1178 

0.1147 

0.0192 

0.9982 

0.0018 

0.0001 

30.367 

0.3522 

0.3460 

0.5444 

0.5504 

0.1034 

0.1036 

0.0086 

0.9983 

0.0016 

0.0001 

Average relative deviation 

: on X, = 

7.78% on X 2 = 0.92% on X, = 1.12% 



T = 243.15 K Experimental data of Chang 

liZL_ 

P / bar 

UNI 

BP! 

EM 

E^ 



d 

EJBH 


E3SBI 

1.631 

S3?® 

0.0335 

0.8062 

0.8058 

0.1615 

0.1606 

0.0013 

0.9975 


0.0001 

3.353 


0.0709 

0.7777 

0.7766 

0.1537 

0.1525 


0.9988 


0.0000 

5.602 


0.1211 

0.7306 

0.7273 

0.1534 

0.1516 

0.0060 

0.9993 


0.0000 

7.111 


0.1623 

0.7092 

0.7038 

0.1360 

0.1339 

0.0093 

0.9994 

0.0006 

0.0000 

9.431 


0.2246 

06469 

0.6439 

0.1333 

0.1315 

0.0056 

0.9996 

0.0004 

0.0000 

12.331 


0.3384 

0.5604 

0.5550 

0.1088 

0.1066 

wm 

0.9997 

0.0003 

0.0000 

Average relative deviation 

: on Xi = 

3.46% on X 2 = 0.47% on X 3 = 1.23% 




The model used is in good agreement with experimental data in the wide range of temperatures 
for the methanol-water system which exhibits no difficulty. 

The binary methanol-carbon dioxide has been well studied. As can be seen in Table 5, 
agreement with experiment is satisfactory althrough several sets of data are in disagreement. 
For the system carbon dioxide-water, the measurements at high pressures have not been 
retained because the IUPAC equation for carbon dioxide is available up to pressures equal to 
600 bar. We remark in Table 6 a higher deviation in bubble pressure than for other binaries. 

The experimental and predicted results for the ternary system carbon dioxide-methanol-water 
are listed in Table 7. Chang and Rousseau [47] have measured the solubilities of carbon 
dioxide in methanol-water mixtures at differents pressures and at temperatures below the 
critical temperature of carbon dioxide while Yoon [51] have measured the liquid and vapor 
phase equilibrium composition but overestimates shightly these of carbon dioxide in the liquid 
phase 

4. CONCLUSION 

The proposed method allows us to obtain a good agreement with experiment for three binary 
systems but also to predict the two-phase equilibria of the ternary system. However it seems 
that the equations of state used for methanol and water are not enough accurate and that the 
knowlegde of vapor-liquid equilibria of binaries including carbon dioxide should be improved. 
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LIST OF SYMBOLS 


a 

attractive term 

* 

ideal 

A 

free energy 

b 

boiling 

b 

volume parameter 

exp 

experimental 

E 

binary energy parameter 

E 

excess 

m 

adjusted parameter 

c 

critical 

P 

pressure 

calc 

calculated 

q 

surface parameter 

res 

residual 

R 

ideal gas constant 



r 

adjusted parameter 



T 

temperature 



V 

volume 



X 

liquid molar fraction 



y 

vapor molar fraction 



a 

adjusted parameter 



P 

adjusted parameter 



X 

adjusted parameter 




constant packing fraction 
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Calculation of High-Pressure Phase Equilibria Involving Light Gases 
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D-50939 Koln, F. R. Germany 


A new correction function for quantum effects in fluids is proposed, which can be coupled 
to any van der Waals type equation of state. With the new quantum correction, calculations 
of thermodynamic properties of hydrogen and hydrogen-containing mixtures are significantly 
improved. 

1. INTRODUCTION 

The thermodynamic properties of fluids consisting of light molecules sometimes departs 
markedly from those of heavier molecules. These departures, the so-called quantum effects, 
result from two different phenomena, the exchange effect and the diffraction effect. 

The exchange effect is due to symmetry properties of the ensemble wave function (sym¬ 
metric or antisymmetric with respect to the exchange of two particles), which govern the 
occupation of energy levels. Particles with integer spin obey Bose-Einstein statistics, other¬ 
wise Fermi-Dirac statistics. Hie exchange effect is a low-temperature phenomenon and is 
mainly responsible for the anomalous behavior of helium below 5 K; it is negligible for 
heavier molecules or higher temperatures. 

The diffraction effect has two causes: In a collision, two molecules form short-lived dimers, 
which have discrete vibrational and rotational energy levels. This vibration effect should be 
observable for light gases (helium, hydrogen) at low densities. However, de Boer and Michels 
showed even in 1939 that the influence of the vibration effect on the second virial coefficient 
is rather small [1], and can be accounted for by using effective pair potentials [2]. 

The other cause, the density effect, is especially important at high densities, where 
molecules are more or less confined to cells formed by their neighbors. In analogy to the 
well-known quantum mechanical problem of a particle in a box, the translational energies of 
such molecules are quantized, and this has an effect on the thermodynamic properties. In 
1960 Levelt Sengers and Hurst [3] tried to describe the density quantum effect in term of 
the Lennard-Jones-Devonshire cell model, and in 1980 Hooper and Nordholm proposed a 
generalized van der Waals theory [4], The disadvantage of both approaches is that, in the 
classical limit, they reduce to rather unsatisfactory equations of state. 

In contrast to this, the method proposed by Deiters [5, 6] can be applied to any van der 
Waals type equation of state, which consists of an attraction and a repulsion part: 


P — Prep "1" Patt 


(1) 
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However, this model makes the somewhat unrealistic assumption of cubic cells. Furthermore, 
it predicts too high corrections at low densities. 

2. QUANTUM CORRECTION 
2.1. Basic Cell Model 

In this work it is assumed that the cells formed by neighbor molecules are roughly spherical 
in shape: 





Figure 1. A molecule confined to 
a spherical cell by its neighbors. 


The energy eigenvalues of a particle in a spherical cell of diameter R can be obtained 
from Schrodinger’s equation. It is convenient to write the wave function as a product of an 
angle-dependent and a distance-dependent function, the latter of which is given by: 


d 2 X . 1 dx 

dr 2 r dr 


k 2 



( 2 ) 


Its solutions [7] are Bessel’s cylinder functions of the argument kr. The angle-dependent part 
of the wave function consists of spherical harmonics. The resulting energy eigenvalues are 


E n l = 


jmti 

2 mR? 


where (kR) n j represents the nth solution of the 1th cylinder function. 
The free volume, defined by 


( 3 ) 


1 n ^= [ (jl^-L)dV 
V J \Nk B T V) 


is connected with the cell radius: 

R — Pgeo ^ 

The factor p geo accounts for the fact that each cell belongs to several particles. 


(5) 
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The partition function of the quantum gas can then be constructed from the single-particle 
repulsion partition function, q Tep and the contribution of attraction, Q*: 



with y 
and A 


Qclass 

A 

R 


yF ge o5>ex P 


N 


h 2 




thermal de Broglie wavelength 


( 6 ) 


The gj are degeneration factors, F geo a geometrical correction factor. The partition function 
of a classical gas is Qdass — 1/N\(V{/A) N Q*. 

Inserting the eigenvalue spectrum (3) leads to an expression for the partition function, 
which can be numerically evaluated and expressed a power series: 

^) ! ) 

For heavy particles or high temperatures, the quantum correction (square brackets) converge 
against 1, and the classical partition function is recovered. 

The expansion coefficients r, were obtained by orthogonal expansion; their values are 
shown in Table 1. 


Qquant — Qclass 


yFgeo ^ g-ni ex p (-jj/ 2 f 

n,l \ ' 


= exp 



(7) 


Table 1 

Expansion coefficients of new quantum correction, Eq. (7). 


i 

r, 

i 

r, 

i 

-0.7598010969 

6 

2.827697793 

2 

0.1933832800 

7 

-2.633022839 

3 

-0.3166755254 

8 

1.496117566 

4 

1.005109730 

9 

-0.5686938848 

5 

-2.082501836 

10 

0.0920579842 


From (7) the Helmholtz energy of a quantum gas is obtained relative to that of a classical 
gas: 


to 

Aquant ” NkfiT In Qquant Adass Nk’ftT ^ ^ r{y 

i=l 


(8) 
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22 . The Onion Skin Model 

At low densities, the cell model described above is no longer adequate. The spherical 
cell walls formed by the neighbors of a molecule are no longer totally reflective, but have 
gaps, so that the central molecule can escape, until it is reflected at another spherical wall 
further outside. 

It is assumed that the central molecule is surrounded by spherical walls in an onion-like 
fashion, with radii R n = nR, where R is given by Eq. (5). Hence the surface of the nth wall is 


F n — n 2 F\ = 4tt n 2 



Vp , 2/3 

Nj 


(9) 


with 2 geo denoting a geometrical constant. 

If the molecules are spheres of volume (per mole) v*, their collision cross section is 



and the area of the reflecting sphere covered by them is 


^refl,n — 47T3; re f[Tl 


\4* nJ 


(id 


This has to be compared to the total surface of the nth spherical wall; the resulting reflection 
probability is 


W = X (v l ) (12) 

with x a numerical constant, w denotes the probability that a molecule is reflected at the nth 
wall. Summation over all walls leads to an averaged sphere radius R = R/w, which can then 
be used with Eqs. (6-7) to calculate the improved quantum correction. 


3. APPLICATION 


In order to demonstrate the effect of the new quantum correction, it is applied to a noncubic 
equation of state which is known to give reasonably good results for classical gases [8-10]: 


P = 


RT 
V,~ 


^1 + cc 0 


4 £~ 2 £ 2 \ 

(i-ov 


RT'v* 

V 2 

r m 


^eff 


exp 



with 




(13) 


/1 and Y are universal functions of density and shape parameter c, which have been explained 
elsewhere. Eq. (13) has three adjustable parameters, the potential depth e, the molecular 
volume v* and the shape parameter c; the latter is 1 for the substances discussed in this work. 
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temperature / K 


Figure 2. Vapor pressure of hydrogen.-: calculated with equation of state 

(13) without quantum correction; • • • : with old quantum correction; 

-: with new quantum correction; symbols: exp. data [11]. 

The parameters t and v* were obtained from critical data and then used to predict the 
vapor pressure curves of several light gases. The results for hydrogen are shown in Fig. 2. It 
appears that there is a significant improvement over the old quantum correction [5]. It must 
be mentioned that, in contrast to the old quantum correction, the new quantum correction 
preserves the correct low-density behavior of the underlying equation of state. 

We have also applied the new quantum correction to mixtures at high pressures, using the 
following mixing rules (1-fluid theory): 


m °' 5 = x,m, °' 5 

«* = EE XiX k V* k 

C=^2 X ' C i 

tv* = EE 


(14) 


After fitting e,jt and v* k to experimental data of the system (H 2 + CO), an almost perfect 
agreement of the calculated isotherms with the experimental phase equilibrium data could be 
obtained for pressures up to 60 MPa. 
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Figure 3. High-pressure phase equilibria of the (H 2 + CO) system. 

-: calculated with equation of state (13) and new quantum correction (7); 

symbols: exp. data [12]. 
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The Study of HP-HT Interaction between Co-Base Melts and 
Diamond Powders 

A.A.Bochechka, V.G.Gargin, A.A.Shulzhenko 
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The effect of Co on the process of diamond powder compaction has been 
studied at the pressure of 8 GPa and temperatures between 1400-2000 °C. It is 
shown that the interaction between liquid Co and diamond particles speeds up 
the process if not changes the limiting value of shrinkage as compared with 
solid phase sintering. The dependences of the rate of diamond powder 
infiltration with cobalt and Co-WC, Co-Mo and Co-Ti melts on the temperature 
have been studied experimentally under high pressure. It is shown that the 
infiltration by pure cobalt occurs quicker as compared with that by cobalt-base 
alloys. Based on the Einstein equation for the viscosity of mixtures, an equation 
for the infiltration coefficient is derived which is in good agreement with the 
experimental data for Co-Ti and Co-WC alloys. 

1. INTRODUCTION 

At present polycrystalline diamond materials produced by high pressure 
sintering of a diamond powder on a substrate of group WC/Co alloys are widely 
used in industry. In sintering, a liquid binder, which is a melted cobalt with 
some quantity of tungsten carbide dissolved in it, migrates from a substrate into 
the diamond powder, thus improving the strengh and hardness of a sintered 
diamond layer [ 1J. 

In this paper we present some results concerning the kinetics of high 
pressure migration of liquid cobalt and Co-base alloys into a diamond powder vs 
temperature as well as the migration effect on diamond powder compaction. 

2. EXPERIMENTAL 

ACM diamond powders 28-40 microns in size produced by the Institute 
for Superhard Materials (ISM) have been the subject of investigations. High 
pressure experiments were performed in a toroid-type high pressure apparatus 
(HPA). Heating current strength and voltage supplied to a heater were recorded 
by a self-recording measuring device [2]. 

Diamond powder was placed into the high pressure cell [2], then the 
pressure of 8,0 GPa was created, the powder was heated up to the necessary 
temperature, held for a given time and cooled down to the room temperature. 
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Then the pressure was removed. As-sintered samples were cleaned from graphite 
and their densities were determined by the hydrostatic weighing. 

Then a mixture of diamond and cobalt powders was placed into the cell 
and subjected to pressure and temperature . Liquid cobalt that wetts diamond is 
pulled out of the compact if the volume occupied by cobalt somewhat exceeds 
the total volume of pores which remained after shrinkage of diamond powder. 
When liquid metal is in contact with a graphite heater, the current flow at first 
increases due to a total drop of the system electric resistance and then decreases 
because of diamond formation in the heater. In this case, the shrinkage value 
corresponds to the volume of cobalt in the powder. 

To study the kinetics of infiltration, a bar of the alloy under study was 
placed in the centre of the cell, and a diamond powder being studied was 
placed between the bar and the tube heater [2]. The upper disc is made of a 
conducting while the bottom one of nonconducting material. 

The heating started after the pressure of the order of 8 GPa was created. 
In 0.5 s after the heating starts, current force and heating power in the system 
become constant. In this case, a formation and migration of the liquid from the 
centre to the heater take place. As soon as the liquid metal reaches the heater 
inner surface, the current in the system increases abruptly as an electric circuit 
with a lower electrical resistance is connected parallel to the heater. The 
distance covered by the liquid for this period is assessed from the thickness of 
an infiltrated diamond coampact recovered of the HPA. 

The kinetics of diamond powder infiltration with cobalt of VK15 sintered 
carbide and Co-Mo and Co-Ti melts was studied experimentally at 8 GPa 
(Fig. 1). Confidence intervals for T and k values, the reliability being a= 0,95, 
do not exceed 8 %. According to [3], the limit of WC solubility in Co attains 10 
mass % or 3.2 at. %. The additive contents of Co-Mo and Co-Ti alloys was 10 
mass % (accordingly, the atomic portions were 0.12 Ti and 0.064 % Mo). Samples 
of alloys were sintered from mixtures of cobalt-molibdenum and cobalt-titanium 
hydride powders in a vacuum furnace at 1000 °C. 


E 

N * 

o 



T,K 


Fig.l. Coefficients of 
diamond powder 
infiltration with 
cobalt-based alloys vs 
temperature: 1 - Co, 

2 - Co-WC, 3 - Co-Ti, 
4 - Co-Mo. 
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3. RESULTS AND DISCUSSION 


Under the actions of the pressure of about 8 GPa and the temperature 
between 1660 - 1700 °C on diamond powders, the density and shrinkage of the 
samples being sintered attains the maximum for 7 s and fhe further temperature 

increase does not 
result in an 

12:—i—i—i—»—|—,—|—.—,—>—|—,—|—,—|—,—| essentially higher 

compaction [2, 4]. 
Similar 

■|q|- _| relationship was 

obtained for the 
powder under 
study (Fig. 2). 
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Fig.2. The porosity 
P of samples 
sintered from 28- 
40 pm grain-sized 
diamond powders 
for 1.5 minute vs 
sintering 
temperature. 


In introducing Co-powder into the diamond powder and in sintering, 
liquid cobalt is pulled out of the compacts if its content is 3 % and higher 
virtually at the same temperature (Fig. 3). It occurs for 0.5 - 0.7 s after the 
heating is switched. At the same time if the cobalt content is lower than 3 %, in 
a slow increase of temperature up to the maximum, cobalt does not contact with 
the heater. The fact suggests that the volume occupied in the compact by 
diamond has not exceed the limiting value attained in sintering diamond 
powder with no additives (see Fig. 2). 

Thus, sintering diamond powders with the liquid cobalt present 
considerably speeds up the compaction process, not changing though the 
limiting value of shrinkage as compared with the solid phase sintering, 

According to the Darcy law in laminar flow of homogeneous liquids via a 
porous medium with the penetration factor K p , the process of a liquid 
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penetration for the depth 1 depending on the pressure drop Ap, the liquid 
dynamic viscosity r| and time t is described by the equation [5]: 

(dl/dt) = KpAp/(ql) (1) 



Fig.3. Conditions of the contact of Co and graphite sheath, encasing the 
mixture of diamond and Co powders: 

1 - contact, 2 - no contact, 3 - the value of limiting porosity of solid-phase 
sintered diamond polycrystals. 

In general case, the penetration factor K p changes with time as along with 
the liquid flow in the uninfiltrated part of a diamond compact, the sintering of 
diamond particles takes place. 

We have established the K p (t) dependence for diamond powder of 14-20 
pm in size at the temperature of 2400 K and the pressure of 7.7 GPa in solid 
phase sintering. In this case, the K p (t) becomes constant in 7 s [6]. However, if 
this powder is cobalt-infiltrated, the K p (t) becomes constant in 0.5 s. under the 
same thermobaric conditions. Considering that in our experiments the liquid 
migration time ranges from 2 to 20 s, let us assume that K p (t) is constant. 
Having integrated equation (1) we obtain 


l 2 = 2(K p Ap /r|)t = Kt. 


( 2 ) 
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The k = 2K p Ap /r\ value acting as a proportionality factor in Eq, (2) is called a 
infiltration factor [7]. This factor was found from experimental values of 1 and t 
using the following formula: 

k = l 2 /t . 

Infiltration with Co-WC, Co-Mo and Co-Ti melts occurs more slowly as 
compared to the infiltration with pure cobalt. The Co-WC migration starts at a 
higher temperature. Thus, at 1440 °C pure cobalt infiltrates diamond powder to 
the depth of 2.3 mm for 14.8 s, while cobalt migration from Co-WC alloy was 
not observed at 1460 °C. 

In both the cases, the activation energy of the infiltration process (Fig. 1) 
is practically the same (~ 40 kJ/mol) and close to that of the cobalt viscous flow 
(37.3 kJ/mol) [8|, i.e. the observed variations in kinetics of the infiltration are 
caused by the difference between viscosities of cobalt and its alloys. According 
to [8| y = Ao exp(E a /RT), where y is the kinematic viscosity, Ao is the constant, 
E a is the activation energy of viscous flow, R is the universal gas constant, T is 
the absolute temperature. Correlating this formula with Eq. (2) and considering 
that r\ — py, where p is the density of the liquid, we have for k : 

k = (K p Ap/2 pAo)exp(-E a /RT), 

that describes its temperature dependence in diamond powder infiltration with 
pure cobalt. 

To describe the viscosity of binary alloys, let us use Einstein formula for 
nondissociated low concentration solutions [9]: 

q/n 0 =1 +2,5 (p, (3) 

where q is the viscosity of mixtures, q 0 is the viscosity of a solvent, <p is the 
volume portion of additives. 

The <p value we present as (4/3)rrr fl N/V, where r a is the atomic radius of 
an additive, N is the atomic concentration of the melt, V is the atomic volume of 
the melt. Substituting V as (1 /k) (4/3)7r[r 3 n + r a 3 n a ], where r is the solvent atomic 
radius, n and n a are numbers of atoms of the solvent and additive, respectfully, k 
is the space factor (k=(4/3)7tr 3 N A p/g; g - molar weight, p - solvent density, N A 
- Avogadro number) into formula (3), we obtain: 

g/rio =1 + 2,5(r 3 + r a 3 )N/[(1-N)r 3 + N(r 3 + r a 3 )] = K 0 /K, (4) 

where k is the alloy infiltration coefficient, % is the basic component infiltration 
coefficient. 

Atomic radia of metals in a liquid state are close to those in a solid state 
as the short-range order in the atom arrangement is retained in a liquid [10]. 
According to [11], they are: Co - 1.24 A°; Ti - 1.45 A°; Mo - 1.40 A° (when 
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brought to the coordination number 12, r„ = 1.43 A°), and in the WC compound 
W - 0.39 A°, C- - 2.52 A°. 

Calculated Eq.(4) and experimental values of the k/kq are given in the 
Table. It is seen that kinetics of a diamond powder infiltration with the Co-WC 
and Co-Ti alloys is described by Eq.(4), while for the Co-Mo alloy, k/kq 
experimental and theoretical values do not agree and though the k value 
decrease as compared with that of pure cobalt, but not to the extent that would 
be expected from Eq. (4). 

Table 

Calculated (k/Kq) c and experimental (k/kq)^ values of the k/Kq ratio. 


Alloy 

(k/Ko) c 

(k/ko) cx 

Co-WC 

0,732 

0,76 ± 0,08 

Co-Ti 

0,781 

0,70 + 0,08 

Co-Mo 

0,870 

0,55 + 0,08 
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Extraction of ethanol was studied from both the synthetic ethanol solution and 
fermentation broth using supercritical CO 2 in an extraction apparatus in the ranges of 313 to 
333 K and 80 to 160 atmospheres, for varying extraction times. The experimental system 
consists of mainly four parts: the CO 2 storage system, the high pressure liquid pump, the 
extractor and the product collection unit. Samples were analyzed by a gas chromatograph. 
Effects of temperature, pressure, extraction time, initial ethanol concentration and consecutive 
solvent feeding on extraction yield were investigated. It was found that increasing the initial 
ethanol concentration and extraction pressure and decreasing the extraction temperature 
increased the extraction yield. In addition, it was observed that consecutive solvent feeding 
affected the extraction yield positively. Using the Box-Wilson optimization method, optimum 
extraction conditions in a batch system for 15 % (v/v) ethanol solution were found to be 313 
K, 133 atmosphere and 30 minutes. Extraction yields were found to be 3 g/1 for one step and 
10 g/1 for three step extraction of fermentation broth. 

1. INTRODUCTION 

In biotechnology, most production processes take place in aqueus media and generally yield 
dilute solutions of the valuable products. This poses a challenge in achieving higher efficiencies 
at minimum cost of energy without degrading the quality of the product. 

As it is well known, fermentation processes generally produce aqueous solutions of 
ethanol, the separation of which necessitates a series of distillation processes. Distillation, 
however, is a very expensive operation and in addition, ethanol-water mixture forms an 
azeotrope which further increases the cost of purification. Therefore, novel separation methods 
must be investigated to make the process more feasible and economical. 

Supercritical Fluid Extraction (SFE), proposed in recent years, appears to be a promising 
technique since it requires low enegy for separation. Willson [1] showed that although the 
initial capital cost for a SFE process is about 40% higher than that for distillation, the cost of 
compression for the supercritical (SC) fluid is one seventh of the cost of the cooling water and 
the steam required for distillation processes. 

There are several studies in literature about the phase equilibria of the ternary system of 
ethanol-water-C02 [2-12] and only one study exits for the quaternary system of ethanol- 
water-CC> 2 -entrainer [13], In general, these studies showed that the extract concentration was 
positively influenced with increasing the extraction pressure and initial ethanol concentration 
and with decreasing the extraction temperature. 
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Thibault et al [14] investigated experimentally the production of ethanol by fermentation 
under CO 2 pressure, but they were not successful due to the negative effect of pressure on the 
microorganisms used. L’ltalien et al [15] attempted to improve the ethanol fermentation under 
hyperbaric conditions with limited success. The separation of ethanol from fermentation broth, 
however, was not investigated thoroughly. 

In all of the previous studies, ethanol extraction utilizing CO 2 was investigated using 
synthetic ethanol solutions, the concentrations of which were higher than those in the 
fermentation broth. The extraction conditions were not also optimized. 

In this study, ethanol extraction using SC CO 2 was achieved from 15 to 75 %(v/v) 
synthetic ethanol solutions and also from fermentation broth. Effects of temperature, pressure, 
extraction time and initial ethanol concentration on extraction yield were investigated in the 
ranges of 313 to 333 K and 80 to 160 atmospheres. Optimum conditions for the batch 
extraction of 15%(v/v) ethanol solution were found using the Box-Wilson optimization method 
in a linear form. In addition, the effect of consecutive solvent feeding on extraction yield were 
investigated both with 15 %(v/v) ethanol solution and with fermentation broth. 

2. EXPERIMENTAL 

The experimental apparatus is schematically shown in Figure 1. It consists of mainly four 
parts: the CO 2 storage system (1), the HPLC pump (4) and its cooling unit (5), the extractor 
(100 ml stainless steel cell)(6) and the extract collection unit (7). 



Figure 1. Schematic diagram of the experimental apparatus (PG, pressure gauge; TC, 
temperature controller; HT, heating tape; MV, metering valve, SV, stop valve; CV, check 
valve, RD, rupture disc; P, HPLC pump) 
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The CO 2 was passed through a drier (2) and a filter (3) . It was compressed to the 
operating pressure by the HPLC pump. Then CO 2 was heated up and sent into the high 
pressure cell containing the ethanol solution. Ethanol extracted by CO 2 was captured by water 
in a flask immersed into a water-ice bath (8). 

The high pressure cell was heated up to desired extraction temperature by a heating tape 
attached to a temperature controller. In addition, the valve and the tubes at the exit of the cell 
were heated to 373 K to vaporize the liquid sample and to avoid condensation . 

Extraction experiments were made using 15 to 75 % (v/v) ethanol solutions and also 
fermentation broth in the pressure range of 80 to 160 atmospheres and at temperatures of 313 
to 333 K. Production of ethanol was carried out using Saccharomyces cerevisiae (Y-567, 
obtained from the National Regional Research Center, Peoria, USA) immobilized in Ca- 
alginate gel. Yeast growth medium and ethanol production media were given in literature [16], 
Fermentation broth was centrifuged before using in the extraction experiments. 

At the beginning of the experiments, CO 2 was pumped to the extractor to achieve the 
extraction pressure, and it was waited at this pressure for a predetermined extraction time in 
the batch experiments. At the end of this extraction time, C0 2 was bled until the system 
pressure falls to atmospheric pressure. Then CO 2 was pumped to the extractor again without 
opening the cell and it was waited for the predetermined time again. 

Samples were analyzed by GC using packed column with Chromosorb 101 (80/100 mesh) 
and FID detector. Temperatures of the column, injector and detector are 160, 220 ,250 °C , 
respectively. Carrier gas was nitrogen and n-propanol was used as the internal standard. 

Experimental results given are the averages of three runs. 

3. RESULTS AND DISCUSSION 

3.1. Effect of initial ethanol concentration on extraction yield 

Experiments were made using the solutions which contain 15-75 % (v/v) ethanol in the 
batch extraction system at 313 K and 120 atmospheres, for 60 minutes. Those experimental 
conditions were chosen because of the density of SC CO 2 is near to the normal liquid density 
at these conditions and consequently it has a high solvent power [2], Experimental results were 
given at Table 1. 

Table 1. 

Effect of initial ethanol concentration on extraction yield 


C’ EJ (%,v/v) 


c E . R (g/0 

y e ( g/1) 

15 

123 

115 

8 

30 

269 

230 

39 

60 

534 

485 

49 

75 

762 

698 

64 


It was found that extraction yield, that is the amount of extracted ethanol from 1 1 feed 
solution increased from 8 g/1 to 64 g/1, when the feed solution concentration increased from 15 
% to 75 % by volume. The data in the literature also agrees with these results [2,3,9,10,12] 
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3.2. Effects of temperature and pressure on extraction yield 
3.2.1. At high ethanol concentration 

Experiments were made using a solution which contains 60 %(v/v) ethanol in the batch 
extraction system in the pressure range of 80-160 atmospheres and at the temperatures of 313 
and 333 K for 60 minutes. Experimental results were given in Table 2. As can be seen, 
extraction yield raised from 25 g/1 to 46 g/1, when temperature decreased from 333 K to 313 
K at 80 atmosphere. Similarly, decreasing temperature increased the extraction yield both at 
120 and 160 atmospheres. At 313 K, extraction yield raised from 46 g/1 to 60 g/1 with 
increasing pressure from 80 to 160 atmosphere. At 333 K, the effect of pressure was not as 
obvious. 

As a result, extraction yield increased with increasing pressure and decreasing temperature. 
These observations agree with the results of previous researchers who worked at high ethanol 
concentrations [3,4,5,8,9,11,12]. 

Table 2. 

Effects of temperature and pressure on extraction yield 


P (atm.) 

T(K) 

c EJ (g/i) 

c E>R (g/D 

Y E (g/l) 

80 

313 

534 

488 

46 


333 

534 

509 

25 

120 

313 

534 

485 

49 


333 

534 

519 

15 

160 

313 

534 

474 

60 


333 

534 

513 

21 


3.2.2. At low ethanol concentration 

The solution containing 15 %(v/v) ethanol was used to simulate the fermentation broth in 
these experiments. Experiments were made in the batch system at the conditions of 80 and 
160 atmospheres, 313 and 333 K and for 30 and 90 minutes. 

In literature, inconsistent results were given with respect to the effect of temperature and 
pressure on extraction yield at low ethanol concentrations [4,7,12], For this reason, an 
experimental design was performed utilizing the Box-Wilson method to observe this effect 
more clearly and for the optimization of the experimental conditions. 

3.2.2.I. Experimental design and optimization by the Box-Wilson method 

The experimental design was made with three independent variables [17], Thus the total 
number of experiments is 8 . These independent variables are extraction temperature (Ui), 
extraction pressure (U 2 ) and extraction time (U 3 ); the dependent variable (Y E ) is extraction 
yield (g/1). Maximum and minimum values for the temperature, pressure and time were 
selected as 333 and 313 K, 160 and 80 atmospheres, 90 and 30 minutes, respectively. 
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Experimental design based on these conditions and experimental results obtained are given in 
Table 3. 

Table 3. 

Experimental design by Box-Wilson method and the experimental results obtained 


Exp.no 

1 

2 

3 

4 

5 

6 

7 

8 

Ur 

60 

60 

60 

60 

40 

40 

40 

40 

u 2 

160 

160 

80 

80 

160 

160 

80 

80 

u 3 

90 

30 

90 

30 

90 

30 

90 

30 

Y e 

5.9 

9.4 

4.7 

8.2 

7.0 

12.8 

10.5 

8.2 


The equation formed utilizing this method is as follows: 

Ye,p=8.33-1.28 Zj+0.43 Z 2 -1.31 Z 3 +O.I 6 ZiZ 2 -0.43 Z 1 Z 3 -1.01 Z 2 Z 3 (!) 

where Zj= (Uj-U^veVAUj; U i?ave =[(Ui + )+(Uj-)]/2 ; AUi=[(U i + )-(U i -)]/2 

For the batch extraction with 15 %(v/v) ethanol solution the optimum conditions obtained 
from this equation are 313 K, 133 atmosphere and 30 minutes. 

3.3. Effect of consecutive solvent feeding on extraction yield 

15 %(v/v) ethanol solution and fermentation broth (7 %(v/v) ethanol) were used as 
solutions in the experiments that were made at 313 K and 120 atmosphere. The first batch 
extraction experiment was carried out for 60 minutes. After bleeding the C0 2 down to the 
atmospheric pressure, the system pressure was raised again to 120 atmosphere using fresh 
C0 2 . This operation was repeated at the end of 30 minutes By this way, the ethanol solution 
was contacted with fresh SC C0 2 at three consecutive steps. 

Table 4. 

Effect of consecutive solvent feeding on extraction yield 


T=313K 

Ext time(min ) 

P=120 atm 
Number of step 

Y E (g/l) 

Ethanol solution 

(15%, v/v) 

Y E (g/l) 

Fermentation, sol. 
(7%, v/v) 

60 

1 

8 

3 

60+30 

2 

21 

- 

60+30+30 

3 

27 

10 


As can be seen, consecutive solvent feeding increased extraction yield. Extraction yield 
raised from 8 g/1 to 27 g/1 at the end of 3 steps for 15 %(v/v) ethanol solution. 
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NOMENCLATURE 

C £ j Initial ethanol concentration (g/1) 

C’ j Initial ethanol concentration (%, v/v) 

C p Ethanol concentration in the rafinate solution (g/1) 

Y ’ Extraction yield (amount of extracted ethanol from 1 1 feed solution, g/1) 

Y Ei p Predicted extraction yield (g/1) 
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INTRODUCTION 

Supercritical fluids are found in numerous applications thanks to their properties which vary 
with temperature and pressure. Supercritical fluids are put in contact with various compounds 
which also have physico-chemical properties dependant on temperature and pressure. 
Consequently, mixtures of these compounds with the supercritical solvent must be expected to 
behave in a complex way. For a binary mixture, for example, several types of phase equilibrium 
exist : solid-fluid for low temperatures, solid-fluid-liquid when temperature rises, and liquid- 
fluid. 

In our research, we were led to characterise thermodynamically the mixtures composed of 
an organic compound and supercritical C0 2 in a relatively wide range of temperatures, 
including several types of phase equilibrium. We looked for a single thermodynamic model 
which would be predictive (no parameters to adjust to the experimental data), valid for a wide 
range of temperatures and pressures, and also capable of representing solid-fluid and liquid- 
fluid equilibria. 

1. THE THERMODYNAMIC MODEL 

In looking for such a model, certain particularities of the mixtures of the compounds studied 
must be taken into account. The solutions obtained by dissolution of solid compounds in 
supercritical solvents are highly asymmetrical, with considerable differences in the size and 
energy of the molecules. Consequently, the models based on the theory of corresponding states 
using critical parameters of pure compounds give only qualitative results. Moreover, the model 
must correctly represent both the pure solute, in the temperature and pressure range of the 
mixture, and the solvent in the area close to its critical point. Single equation of state models 
do not satisfy all these requirements. Lastly, the most sophisticated models (for example the 
models based on the statistical mechanics) are not always the most efficient and are difficult to 
apply. For these reasons we adopted the "Excess Function-Equation of State" model [1,2]. 

The development of a predictive method from a thermodynamic model, for example a 
group-contribution method, requires a systematic study based on a large number of 
experimental data First of all, hydrocarbon-carbon dioxide mixtures must be taken into 
account. The main stages in setting up a group-contribution method are as follows : 
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1) A study of the representation of liquid-fluid equilibria with the "Excess Function-Equation 
of State" model and the choice of a group-contribution method. Promising results were 
obtained here (references [3] and [4]). 

2) A study of the representation of solid-fluid equilibria with the "Excess Function-Equation of 
State" model. The results obtained with [5] and [6] show that this model is as efficient as the 
HSVDW [7], AVDW-DDLC [8], or KB ST [9] models. 

3) A study of the "continuity" of the model when changing from the solid-fluid to the liquid- 
fluid field for a fixed mixture; application and "adjustment" of the group-contribution method 
It is this third stage and its results that we present below. 

1.1. Principle of the thermodynamic model 

The "Excess Function-Equation of State" model is based on the relation between the excess 
Helmholtz energy of the mixture and the equations of state of its components. The excess 
Helmholtz energy is calculated in Guggenheim's quasi-reticular theory. We chose van der 
Waals - like equations of state for the constituents of the mixture : 

z = l/(l-Tq)-'F'(iq)/(bRT) (1) 

with 

P 

r| = b/v = b;/vj and b=£bjXj (2) 

i=l 

where iq is the packing fraction, b is the covolume et 'P'(ri) is the attraction term in the 
equation of state. 

The equation of state of a mixture of p compounds is . 

Z a i / (l - n) ■- (l / RT) z 'P'i (tt) Xi / bi + (l / RT) ^'e (n) e(t, x) (3) 

i=l 

and the fugacity coefficient of the i compound in the mixture is : 

In <t>i = (bi / b)(z-1) - ln[z(l - n)] - x P[(r|)/(RTb i ) + (l / RT) 4%(rq) E\ (T,x) (4) 

In relations (3) and (4) E(T,x) is the residual term depending on composition and temperature, 
E'i(T,x) and v Fj(rq) are functions defined by : 


E'i = 


/ SnE > 


Cfrlj 


'T,r|,nj 

'Ej(B) = J^ J ^dTq 

0 ^ 


(5) 

(6) 


The use of the precise equations of state for the constituents of the mixture is indispensable 
for the correct representation of the properties of the mixture. Angus's precise equation of 
state [10] was used for the carbon dioxide. For the hydrocarbons we chose the corrected cubic 
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equation with the parameters calculated according to the boiling temperature and not 
according to the critical parameters ([11], [12]). 

The residual term is made up of a function of the packing fraction of the form : 

'*' , E (ti) = V(1 + 20tO (7) 

and of the term E(T,x) which we chosen of van Laar -type : 


E(T, x) = 1 / 2 X bjbjXjXjEy / b (8) 

i=lj=l 

The interaction parameter E,j was first adjusted to the experimental data of the liquid-fluid 
and solid-fluid equilibria. The representation of both types of equilibria was very satisfactory, 
which proves that the "Excess Function-Equation of State" model with an adjusted parameter 
is well adapted to both cases ([4-6], [13]). 

1,2. Group-contribution method 

The transformation of the "Excess Function-Equation of State" model into a group- 
contribution method is possible through the interaction energy parameter. The interaction 
parameter E,j between the molecules i and j is expressed by : 

^ij(gc) = I Z ( a iK-«jK)( a iL-~ a jL) A KL( T ) (9) 

1 K=1L=1 


in which N is the number of groups and a; K is the surface fraction of groups K in the molecule 
i. Akl is the interaction parameter between the groups K and L (Akl = A LK ). The parameter 
Akl depends on the temperature and is calculated according to a function of the following 
type: 


A KL - A KL A form 


fjoV 


V ) 


( 10 ) 


wherein Af olm and r are parameters taking into account the configuration of the molecules and 
T° is the reference temperature (T° = 298,15K). 

The interaction parameters of the form (10) are appropriate for the liquid-fluid equilibria for 
a large number of compounds [4], A study of the "continuity" of the model in the field of solid- 
fluid equilibria is a pre-requisite for the development of a single all-purpose group - 
contribution method. 

The temperature function appearing in the relation (10) is indeed specific for a couple of 
given molecules i and j. We analysed the correlation existing between lnE 12 and ln(T°/T) for 
hydrocarbon-C0 2 couples with experimentally established liquid-fluid and solid-fluid equilibria 
(Figure 1). The values of E )2 are those adjusted to experimental data to be found in the 
literature. 

The interaction parameters adjusted to the experimental data of liquid-fluid and solid-fluid 
equilibria seem to vary continuously with the temperature. A common definition of the groups 
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and a single temperature function should satisfy the two fields of the phase diagram of a 
hydrocarbon-C0 2 mixture. Moreover, a linear variation of the value lnE^ with ln(T°/T) is 
observed for all the compounds, at least in the range of temperatures studied. The parameters 
of the group-contribution model must be determined by adjustment to the experimental data on 
equilibria as a whole. For the classes of hydrocarbon studied (normal alkanes, iso-alkanes, 
cycloalkanes, monocyclic aromatics, polycyclic aromatics), we adopted the following group 
definition : 

1 : CH, or CH 2 (alkanes and alkyl radicals) 2 : C substituted alkane 3 : CH aromatic 

4 : C alkyl-substituted aromatic 5 : C aromatic condensed or substituted by C aromatic 

6 : CH 2 cycloalkanes 7 : C cycloalkane substituted 8 : C trans-condensed cycles 9 : C0 2 


In E 12 



-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 


■ naphthalene : s-f □ naphthalene : 1-f • phenanthrene : s-f c> phenanthrene : 1-f 
• pyrene :s-f o pyrene: 1-f A biphenyl: s-f a biphenyl: 1-f 


Figure 1. Variation of Ei 2 with temperature for binary mixtures comprising solid-fluid and 
liquid-fluid equilibria. 


All possible interactions between the K and L groups were taken into account and Akk = 
0. The definition contains a minimum number of groups and is satisfactory for most of the 
binary systems studied. Flowever, it cannot take into account the structural differences which 
exist between position isomers This is the case of polycyclic aromatic compounds presenting 
cycle position isomers or substitute position isomers. Structural differences of this type 
determine the gaps between the values of certain thermophysical properties of isomers, such 
as, for example, the fusion temperature or sublimation enthalpy. The further the temperature 
falls, the more these differences are accentuated. The representation of the solid-fluid (low 
temperature) equilibria is consequently more difficult and the model must take into account the 
existing structural differences. We came across this problem in the compounds such as 
anthracene, phenanthrene, pyrene, methylated naphthalenes, hexamethylbenzene and 
triphenylmethane. As it was out of the question to increase the number of groups because 
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experimental data were insufficient, we intervened with increments in the form parameter Af onn 
and in the exponent of the function of temperature r : 

A form = l + exp(a 1 Af+a 2 +a 3 C 2 +a,C 3 +a 5 C p -(a 6 /C as ) 3 ) (11) 

r = p/- 5 + P 2 +P 3 C 2 +p4C3 + p 5 C p (12) 

In relations (11) and (12), (. is a parameter which indicates the length of the chain of normal 
alkanes; it is equal to the number of carbon atoms in the molecule, cq and Pi are constants, C 2 , 
C 3 and C p are the site fractions occupied in the molecule by the condensed aromatic carbon 
atoms common to two cycles, three cycles and condensed atoms in angular position The C as 
parameter represents the fraction of the sites for the substituted aromatic carbons belonging to 
condensed cycles, which must be taken into account for the substituted derivatives of 
naphthalene. Table 1 shows the values of the parameters adjusted to the experimental data of 
the liquid-fluid and solid-fluid equilibria as a whole. 


Table 1. Coefficients a; and p, and interaction parameters between groups A°kl (J/cm 3 ) 


oq = 0.109 
ot 2 = -3.68 
a 3 = 8.00 


a 4 = 16.26 
a 5 = -7.43 
ot6 = 0.13 


p! = 0 0283 
p 2 = 0.50 
p 3 = 2.77 


p 4 = 6.47 
Ps = -4.53 



The calculation of the liquid-fluid equilibria with the group contribution method has been 
presented elsewhere [4], The matrix of the parameters of group interaction (Table 1) contains 
values readjusted relative to the matrix obtained considering only liquid-fluid equilibria [4], 
These parameters are A 15 , A 35 , A 4 ; and A 59 . The introduction of supplementary increments for 
the form of the molecules (a 3 . 6 and p 3 _ 5 ) enables good results to be obtained for the calculation 
of solid-fluid equilibria and does not essentially modify the representation of liquid-fluid 
equilibria. The average relative deviation 5 r (x) for the experimental data as a whole is 16.7% 
for the group contribution method and 13.3% for the model with Ei 2 adjusted. The 
experimental data concern 40 isotherms (P,x) for 11 binary mixtures of solid aromatic 
hydrocarbon with supercritical C0 2 . 
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CONCLUSIONS 

Predictive models such as group contribution methods have been developed in recent years 
to represent supercritical liquid-fluid equilibria. However we have not found in the literature 
models capable of representing accurately several types of phase equilibrium in a wide 
temperature and pressure range. We made a systematic study of mixtures of the hydrocarbon- 
supercritical carbon dioxide type in order to develop a single all-purpose model for solid-fluid 
and liquid-fluid equilibria. We developed an "Excess Function-Equation of State" model with 
an intermolecular interaction parameter. The interaction parameter was correlated with 
parameters of interaction between the groups constituting the molecules and the fractions of 
sites occupied by these groups. The variation of the interaction parameter according to 
temperature was determined. The group contribution method was developed from 
experimental data concerning solid-fluid and liquid-fluid equilibria for a large number of 
hydrocarbons. The representation of solid-fluid and liquid-fluid equilibria is satisfactory. The 
modelization of solid-fluid equilibria by a predictive method is more difficult because of the 
structural complexity of compounds of low volatility. The increments introduced for the 
polycyclic aromatic compounds require validation by extra experimental data. 


LIST OF SYMBOLS 

Akl = group interaction parameter 
b = covolume 

Ey = binary energy parameter 
n = number of moles in a mixture 
N p = number of data points 
p = number of components in a mixture 
R = gas constant 
T = temperature 


v = molar volume 
x = mole fraction 
z = compressibility factor 

5^x) = relative mean deviation = — z|x - x cal I / x 

q = packing fraction 
<j> = fugacity coefficient 
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Extraction of Alkaloids from Lupinus albus sp. 
using Compressed Carbon Dioxide 
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Abstract 

The extraction of lupanine from lupine (Lupinus albus sp.) flour using liquid carbon 
dioxide (8 MPa, 313 K) and supercritical carbon dioxide (10 MPa, 15 MPa and 20 MPa at 
298 K and 313 K) was investigated. 

Small quantities of lupanine were obtained at the studied conditions, being the 
percentages of lupanine related to the total mass of extract between 0.02 % and 1.13 % at 
10 MPa and 298 K, and 20 MPa and 313 K, respectively. 


Introduction 

For centuries lupine has been used by Andean for several purposes like soil 
enrichment and as a food crop. 

Lupines are known as rich leguminosae in lipids and proteins. This makes them very 
interesting if they were produced in a large industrial scale. However the presence of bitter 
and poisonous quinolizidine alkaloids is the main obstacle to overcome for a broader 
utilisation. 


1 Author to whom correspondence must be addressed. 


This work was sponsored by JNICT (Junta Nacional de Investigate Cientifica e Tecnologica) through the 
project STRDA/BIO/384/92. 
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The traditional way to debitter the grains is leaching with water for several days. 
Nowadays this process is still used and it takes place in three steps: wetting, boiling and 
rinsing with water. 

Due to its economical interest there has been a large effort in producing free alkaloid 
lupines. Several techniques have been used to achieve this purpose. Breeders tried to reduce 
the content of bitter components since the 30’s when Von Sengbusch reported the discover of 
natural occurring lupine seeds with low-alkaloid content (Cantot et al, 1983 and Gross et al, 
1988). Since then there is a considerable number of bred low-alkaloid content of lupine 
varieties (Neves-Martins, 1993). Other ways of debittering involve the use of enzymes with 
interesting results (Santana, 1990) and water extraction processes varying cooking media and 
temperature and time conditions, or simultaneously extracting alkaloids and oil using polar 
solvents or an aqueous mixture with organic solvents in batch (Beirao da Costa, 1992,1993). 

A new methodology is to use supercritical extraction with carbon dioxide or ethylene 
oxide. The objective of this work is precisely to use supercritical extraction with C0 2 . 


Experimental 

The extraction of lipids and alkaloids with compressed carbon dioxide was performed 
at 298 K and 313 K using the pressures 8, 10, 15 and 20 MPa in an apparatus similar to that 
schematised in Figure 1. The extraction cell is a stainless steel vessel with 220 cm 3 of capacity 
specially built for this purpose. 

Carbon dioxide (99.95%, supplied by AR LIQUIDO Portugal) passes through a cold 
bath at a temperature near 273 K (PI) and is pressed to the desired pressure in a pump 
(Bodine Electric Co., model Minipump NSI-33R) mounted with a back pressure regulator (PC 
- Tescon model 26-1T22-042-043). Liquefied C0 2 passes through an heat exchanger (P2) and 
goes to the extraction cell maintained at the same working temperature. The temperature is 
thermostated in a water bath with an accuracy of 0.1 K. 

Gas expansion to atmospheric pressure is made in two steps controlled with valve V5 
and needle valve V6. 

Extract is mainly recovered in the collector Cl and is measured by weighing. The 
quantity of consumed carbon dioxide is measured in a diaphragm gas meter SAMGAS 
(DGM) with an accuracy of ±0.005 L. 
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Figure 1 - Scheme of the installation used in compressed C0 2 extraction. VI to V6 - valves; 

PI and P2 - heat exchangers; PC - back pressure controller; Cl to C3 - collectors; R - 

rotameter; T - thermometer. 

The analysis of the extracts was made in a Perkin Elmer Gas Chromatograph model 
8700 with an detector NPD. The analysis conditions were: 423 K for 1 minute followed by 
ramp of 15.0 K/min until 523 K and another ramp with 30.0 K7min until 553 K. Injector and 
detector were setted at 533 K and 543 K, respectively. It was used a capillar column BP5 
(cross-linked 5 % biphenyl, 95 % dimethylssiloxane) with 50 m long and 0.25 pm of diameter 
from SGE. Carrier gas used was He at 2 ml 7 min. 

It was used Sparteine, from Sigma, as an internal standard, and the final concentration 
of Sparteine in the samples was 0.102 g/1. The lupanine used to make the calibration curves of 
the chromatograph was extracted from the lupine flour using methanol and separated by using 
the thin-layer chromatography, according the method described by Cho and Martin (1971). 

Results and discussion 

At conditions used, only lupanine was extracted by compressed carbon dioxide. 
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Figure 2 represents the total yield of lipids and alkaloids as function of consumed C0 2 
using liquid and supercritical carbon dioxide at 298 K, and Figure 3 represents the curve of 
extracted mass per C0 2 mass as function of time at 313 K. 

In Figure 4 the extracted mass per C0 2 mass as function of time is presented at 
15MPa, and in Figure 5 the total yield of lipids and alkaloids as function of consumed C0 2 is 
presented at 20 MPa. 

As it was expected, the yield of the extraction increases with the pressure and 
decreases with the increase of temperature. However at 20 MPa the curves are very similar. 

For lower pressures the quantities of carbon dioxide needed to extract the same mass 
quantity in the same time interval are greater than at higher pressures. 

It can be seen that there is a decrease in the extracted mass for the consumed C0 2 with 
the increase of the temperature. 
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Figure 2 - Mass of extract per mass of lupine 
flour versus consumed C0 2 at 298 K. 
0 10 MPa; □ 15 MPa; A 20 MPa. 


Figure 3 - Mass of extract per consumed C0 2 
versus time at 313 K. x 8 MPa; 

0 10 MPa; □ 15 MPa; A 20 MPa. 
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Figure 4 - Mass of extract per consumed C0 2 Figure 5 - Mass of extract per mass of lupine 
versus time at 15 MPa . 0 298 K; □ 313 K. flour versus consumed C0 2 at 

20 MPa. 0 298 K; □ 313 K. 
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In Figures 6 and 7 the quantities of lupanine extracted using liquid and supercritical 
carbon dioxide are represented as function of consumed C0 2 , respectively at 298 K and 
313 K. 

The quantities of lupanine extracted at the studied conditions are small. 

From the analysis of the Figures 6 and 7 it can be seen that at 298 K the lupanine 
solubilities in carbon dioxide are identical for 10 MPa and 15 MPa, being lower at 20 MPa. At 
313 K the solubilities of lupanine in C0 2 seems to be similar at the studied pressures. 

At 313 K the quantities of extracted lupanine in C0 2 increase with pressure, although for 
shorter extraction times, one inversion between the two curves at 15 MPa and 20 MPa exists. 
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Figure 6 - Extracted lupanine versus 

consumed C0 2 at 298 K. 0 10 MPa; 
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Figure 7 - Extracted lupanine versus 

consumed C0 2 at 313 K. 0 10 MPa; 
□ 15 MPa; A 20 MPa; 


For lower consumed C0 2 the quantity of extracted lupanine decreases with 
temperature but this situation inverts for the lower temperatures with the increase of 
consumed C0 2 . Thus, a retrograde solubility effect between the curves at 298 K and 313 K 
seems to exist. 

In Table 1 are presented the values of mass percentage of lupanine per mass of extract 
obtained at the end of extraction. 

From the analysis of this table it can be seen that the quantities of extracted lupanine 
per mass of extract decreases with pressure. However, it was observed that, before the 
200 minutes of extraction, the quantity extracted at 15 MPa is greater than the one extracted 
at 10 MPa. 
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Table 1. Values of relation of mass of lupanine extraction to total mass of extract 
(%), at the end of extraction time 




Pressure / MPa 


Temperature / K 

10 

15 

20 

298 

0.02 

0.07 

0.17 

313 

0.15 

0.18 

1.13 
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The Phase Separation of Water + Methyl-di(n-amyl)phosphynoxide at 
Pressure up to 230 MPa 

M. Z. Faizullin and V. P. Skripov 

Institute of Thermal Physics, Ural Division of Russian Academy of Sciences, GSP-828, 
Ekaterinburg, 620219, Russia* 

1. INTRODUCTION 

T,p,x surfaces of phase equilibrium of some separating mixtures have a double 
critical point (DCP). On the critical curve DCP signifies the extremum of temperature 
or pressure. Here the upper and the lower critical points of the solution separation 
coincide. The particular role of the DCP is determined by the bihaviour of different 
physical quantities in the vicinity of this point. Kinetic and thermodynamic properties 
here have clearly defined peculiarities [1,2]. Investigations of systems with the DCP give 
answers to a number of questions concerning of second-kind phase transition and are of 
interest for the subsequent development of the theory of critical phenomena. Aqueous 
solutions of some phosphinoxides may serve as examples of the systems with DCP. 
These compounds received wide application as extragents for different non-organic 
simple and complex salts and acids. The present paper studies the T,p,x surface of 
liquid-liquid phase equilibrium for (l-x)water+(x)methyl-di(n-amil)phosphynoxide in 
the vicinity of the line of lower critical solution temperatures at pressures up to 230 
MPa. The behaviour of critical exponents for p,x and T,x phase equilibrium diagrams 
along the line of critical points and in the visinity of the DCP was investigated. 

2. EXPERIMENT 

The pressure dependence of the separation temperature was investigated using a high 
pressure chamber (Fig. 1). The chamber was supplied with windows of leuco-sapphire 
and made it possible to observe visually the phase separation of liquid mixtures. The 
pressure transmitting medium (castrol oil) was separated from the liquid under 
investigation with the help of a bellows. The pressure was created with a piston pressure 
gauge and measured with an accuracy of 0.5 MPa. For measuring the temperature a 
copper-constantan thermocouple was used, which was placed incide a steel sheathing 
made of a thick-walled cappilary tube and was introduced directly into the high- 
pressure chamber. The precision of the temperature measurements was 0.03K in the 
experiment. The gravimetric method was used to prepare mixtures. 


* The work has been carried out with the financial support of the Russian Foundation 
of Fundamental Investigations, 93-02-16002. 
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Figure 1. High pressure chamber: 1-body, 2-window, 3-shutter, 4- bellows, 5-cap, 6- 
thermocouple. 

The sample mole fraction was determined with an accuracy of at worst 0.0002. The 
chamber was filled with the liquid under investigation at a temperature corresponding 
to the homogeneous state of the sample. Experiments were carried out at a fixed 
pressure with a gradual temperature increase in the thermostat. At the point of a phase 
transition, one could observe the turbidity of a sample which preceded the separation. 

3.RESULTS AND DISCUSSION 

Curves of pressure dependence of the separation temperature of (1-x) 
water+(x)methyl-di(n-amyl)phosphinoxide for six mole fractions have been measured. 
The results of the measurements are given in Fig 2. Separation lines have been 
approximated by a third-degree polynomial 

T=ao + aip + a 2 p 2 + a 3 p 3 , (1) 

here the pressure p is taken in GPa. 

The values of coefficients in equation (1) and the root-mean-square deviations a of 
experimental points from the approximate dependence are given in table 1. This 
equation has been used to calculate T,x and p,x diagrams of the liquid-liquid phase 
equilibrium for the mixture under investigation. 
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Figure 2. Curves of pressure dependences of the separation temperature for 
(1-x) water+(x)methyl-di(n-amyl)phosphynoxide. O, x=0.006; x, x=0.008; 
□ , x=0.012; A , x=0.020; +, x=0.034; •, x=0.041. 


Table 1 

Values of the parameters of equation (1) for p,T curves of separation of water+methyl- 
di(n- amyl)phosphynoxide; a is the root-mean square deviation 


X 

a 0 

ai 

a 2 

a 3 

o 

0.006 

292.18 

129.13 

-688.7 

912.1 

0.14 

0.008 

291.41 

117.42 

-570.3 

610.3 

0.09 

0.012 

290.64 

118.55 

-630.9 

835.7 

0.03 

0.020 

289.88 

115.84 

-592.1 

711.7 

0.09 

0.034 

290.45 

110.58 

-543.3 

557.8 

0.18 

0.041 

291.59 

111.97 

-577.2 

708.1 

0.04 


The isopleth corresponding to x=0.020 is the closest to the line of critical points of the 
mixture in the region of the DCP. The temperature and the pressure at the temperature 
maximum point for this curve correspond to the DCP coordinates: p D = 126.8 MPa, T D 
=296.5 K. The line of critical points near the DCP may be described by the power 
dependence [1]: 


(pVp'c )/pn = 2 A(|T d - T|/Tn) x , 


( 2 ) 
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with A=0.5. Here, p" c and p' c are the upper and lower critical pressure, respectively, at 
the temperature T. For the isopleth x=0.020 the values of the exponent k and the factor 
A calculated by the method of least square are 0.508±0.003 and 8.06±0.15, respectively. 

To describe T,x and p,x diagrams of phase equilibrium in the region of a critical 
transition we used scaling equations: 

(x"-x' )/xc = 2Bp(|T c -T|/Tc) p P, (3) 

(x"-x')/x c = 2B T (|pc-p|/pcA • (4) 

Here, x' and x" are the mole fractions in the coexisting phases; T c , pc and x c are the 
temperature, the pressure and the mole fraction at the critical point; p p and px are the 
critical indices; Bp and Bt are the amplitudes of the equilibrium curves. For the T,x 
binodal at atmospheric pressure the exponent p p has a universal value close to 1/3. An 
analysis made for several isobars has shown that within the experimental error the 
quantity P P retains its value along the line of critical points including the double critical 
point. The critical exponent p T for isotherms does not considerably change its value at 
pressures up to 70-80 MPa, with p T =P P . In the vicinity of the DCP, one can observe an 
anomalous increase of Pt. The behaviour of the exponents Pp and p T along the line of 
critical points at pressures from atmospheric to 200 MPa is shown in figure 3. 



Figure 3. Behaviour of the exponents P P and Pt along the critical curve for 
water+methyl-di(n-amyl)phosphynoxide. 
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The values of the exponent and the amplitude for equations (3) and (4) are calculated 
by the method of least squares. For T,x diagrams the calculation was carried out in the 
temperature range |T C -T|/T C <0.01. The values of T c and p c were determined by making 
use of the law of rectilinear diameter. The processing of experimental results for p,x 
diagrams was carried out in the pressure range p=30-50 MPa or Ap/p c =0.5-1.0, which 
corresponds to AT/T c =0.001-0.01. 

The observed constancy of 3 P along the line of critical points and the anamalous 
behaviour of p r in the region of the DCP are in agreement with the scaling invariant 
theory of systems with a DCP [1] according to which critical exponents of the scale 
relations for solution properties in a plane tangential to the separating surface at the 
DCP double their values. 
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Olive oils with large quantities of free fatty acids must be refined to get a salable product. 
Supercritical fluid deacidification of these oils has been suggested as a potential “ecological” 
alternative process as it uses non-toxic solvents and low operating temperatures. Previously 
measured equilibrium and mass-transfer data were used to scale-up a proposed supercritical 
extraction unit. A economical evaluation of the unit was also made. 

1. INTRODUCTION 

Olive oil is a vegetable oil that is obtained by expression processes from the fruit of the olive 
trees. Due to agricultural and meteorological factors olive oils may have relatively high 
concentrations of free fatty acids (FFA) making them inappropriate for immediate human 
consumption. Deacidification is currently done by physical (steam distillation using high 
temperatures) or chemical (alkaline neutralization) processes which may alter the organoleptic 
profile of the oil (1). 

The use of supercritical carbon dioxide as a solvent for the deacidification of olive oils was 
suggested (1, 2), according with preliminary results that have shown the selective preference of 
carbon dioxide towards the FFA fraction and at the same time retaining the nutritional 
constituents of the oil (1). 

An extensive study was carried out to evaluate the best operational conditions for the 
deacidification of olive oils by supercritical extraction (SCE). The design of an extraction unit 
was then evaluated. 

2. PROCESS DESIGN 

First, we measured thermodynamic and mass transfer data of the multicomponent system 
olive oil/C02 (3,4), The phase equilibria was modulated by correlating the partition coefficients 
(K; =yi/Xi) of each component present in the mixture as a function of the mole fraction of the 
FFA fraction in the liquid phase (3). Mass transfer studies were performed in a lab-scale 
countercurrent packed column. The experimental measured mass transfer coefficients were 
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modulated with the help of an adequate mass transfer model (4) that was used in the design of 
the extraction unit. The capacity of the proposed deacidification unit was fixed by market 
considerations. The steps taken to scale-up and design such a unit are presented below. 

2.1 Scale-up of the process 

The annual capacity of the extraction unit was fixed in 10 kton of virgin olive oil with an 
average composition in free fatty acids of 4 wt%. Although this composition may change with 
the harvesting year it was taken as a mean value for the intake oil. The extraction process is 
intended to reduce the residual concentration of FFA to a value less than 0.7 wt%. 

The operating conditions for the extraction column were selected from the experimental 
data previously measured by choosing the conditions that yield the more favorable capacity and 
selectivity of carbon dioxide for the FFA fraction. We selected a pressure of 21 MPa and a 
temperature of 323K. A flowsheet of the proposed extraction process is shown in Figure 1. 
The separation of the oil components from the solvent stream exiting the extraction column is 
made in two steps, named SQ and SCm, in order to regenerate the most part of the solvent. 
The raffinate stream, S 2 , flows to a third separation column, SC D , to regenerate the carbon 
dioxide solubilized in that stream. 



Figure 1. Flowsheet of the deacidification unit of olive oil by supercritical carbon dioxide. 
Symbols are defined in Table 2; other, PC: pressure control, LC: flow control. 
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The experimental phase equilibria and mass transfer data were then used to solve the mass 
balances over the whole unit. The mass flows, pressures, temperatures and compositions of 
each stream are listed in Table 1. We can see that there is a relatively large amount of carbon 
dioxide flowing through the extraction column. This is due to the high solvent to feed flow 
ratio (Sf,/Si = 62) to be used in the column, as a consequence of the small solvent loading on 
free fatty acids. 


Table 1 

Conditions of pressure, temperature, compositions and flowrates of each stream. 


Stream 

number 

P 

(MPa) 

T 

(K) 

Flow 

(kg/hr) 

Composition 

C0 2 fats 

wt% 

FFA 

1 

21 

323 

1 389 

- 

96 

4 

2 

21 

323 

1 577 

25 

74.5 

0.5 

3 

1.5 

323 

1 245 

5 

94.37 

0.63 

4 

1.5 

323 

332 

100 

- 

- 

5 

21 

323 

85 923 

99.76 

0.187 

0.053 

6 

21 

323 

86 111 

100 

- 

- 

7 

8 

323 

85 923 

99.76 

0.187 

0.053 

8 

8 

323 

85 672 

100 

- 

- 

9 

8 

323 

252 

18 

63.96 

1804 

10 

1.5 

323 

217 

5 

74.1 

20.9 

11 

1.5 

323 

34 

100 

- 

- 

12 

1.5 

323 

366 

100 

- 

- 

13 

8 

323 

366 

100 

- 

- 

14 

8 

323 

73 

100 

- 

- 

15 

8 

323 

86 111 

100 

- 

- 


The use of reflux was considered to minimize that high flow of solvent. However, 
experimental results shown that we would have to use high reflux ratios and higher packing 
heights in order to fulfill the raffinate specification, which would increase the costs in 
equipment. We decided not to reflux the extract stream and design carefully the separation 
columns II and III to regenerate the most part of the solvent circulating in the unit. 

2.2 Design of the equipment 

The extraction column to be used in the process will have an internal gauze packing - Sulzer 
BX, that was chosen due to its large interfacial area, high porosity and low pressure drops. 

The diameter of the column may be accurately calculated with the knowledge of the 
maximum capacities attained by the used gauze packing under the current extraction 
conditions. Although there is no experimental data available for our system, measured flooding 
data have been lately published in the literature for the system com seed oil/C 02 at high 
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pressures (5) which closely resemble ours. Meyer presented the collected data in a so-called 
loading diagram in terms of two parameters, a load factor, <(>, and a flow factor, F: 




E I Pl Po 
G V Pl 


( 1 ) 


F 


Po 


Pl Pg 


(2) 


The maximum gas velocity flowing through the packing under the operating conditions is a 
function of the flow factor. The diameter of the column is then calculated by assuming the 
design velocity of the gas to be 60% of the flooding value. This distant approach to the 
flooding point is due to the expected high density and viscosity of the extract stream at such 
high pressure conditions which will limit the range of conditions usable by the system. 

The height of the column was calculated with the use of a method proposed by Hufton el al. 
(6) to scale small laboratory structured packing columns to large commercial packed devices. 
For the same operating conditions, it relates the height of packing for the industrial column, 
, to the height for the laboratory column, Z lab ., as a function of the ratio of the respective 
HETS (height of packing equivalent to a theoretical plate) of both columns, as shown: 
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II 
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This ratio is expressed in terms of dimensional groups with the help of a mass transfer model 
initially proposed by Bravo et al. (7) for vacuum distillation columns and lately modified to fit 
the olive oil/C0 2 system (4) at high pressure conditions. The right term of the last equation 
comprises the effective velocities of the gas and liquid streams through the packing, a flow 
ratio, E=G/L, and the geometrical characteristics of both packings. The HETS of the 
laboratory packing column, determined by experimental data, is equal to 0.29 m/stage. The 
calculated packing height for the industrial column, Z ln d., was 2.7 m. Adding 30% to count for 
possible end effects, the total height of the column is 3.5 m. 

The thickness of the column was calculated from the following relation between the yield 
stress of the steel, a, the diameter and the design pressure of the column (8): 


x 


W 


Pja 

(F'-f) 


(4) 


The separation columns were designed by estimating the required gas velocity flowing 
through the separators for the settling by gravity of the oil components (8). In Table 2 we 
show the respective design variables. In the same table we present the design parameters for 
the other main pieces of equipment, namely, heat exchangers and pumps. 
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Table 2 

Operating and design specifications of the equipment used in the proposed process 
Extraction Column, EC 

dj„t. 1.3 m; packing: Sulzer BX, height 3.5 m; thickness 0.2 m 
Separation column, SCi 

d;„t 1.5 m; packing: Sulzer BX; height 2.8 m; thickness 8 cm 
Separation column, SCm d mt 0.7 m; h ei ght 1.4 m ; no p acking 
Separation column, SCm: dim 0.5 m; height 1. 1 m , n o p acking 
Metering pump, MPl: p= 50 kW; L= 1.5 t/hr 
Pumps, PI and P2: p 15 kW 

Heat Exchanger for liquid: Area 2.5 m 2 ; U„ = 6 00 J/s m 2 K 

Heat Exchanger for fresh gas: Area 2 m 2 ; U ? = 200 J/s m 2 K 

Heat Exchanger for gas in: Area 200 m 2 ; U a = 200 J/s m 2 K _ 


3. ECONOMICAL EVALUATION 

To assess the feasibility of the proposed olive oil deacidification plant we need an 
economical evaluation of the overall process. An economical study (9) was thus performed by 
simulating all the debits and credits involved in the industrial plant The analysis was performed 
at constant prices instead of real prices, and the units are in Portuguese escudos (PTE). 

The total capital investments costs was estimated on the basis of the equipment costs plus a 
specific installation factor and is shown in Table 3. An additional of 20% of the total installed 
equipment costs was included for engineering and contingency costs The main part of these 
costs are due to the extraction column, EC, (this includes the price of steel to be used to make 
the column and the packing expenses) and the main gas compressor, C. 


Table 3 


Estimated Investments Costs (unit price: 103 PTE) 
Capital costs 

Operating costs 


Equipment 

Cost 

item 

Cost 

EC 

222 624 

Raw materials 

1 630 000 

SC-I 

91 311 

Utilities 

379 000 

SC - II and III 

3 118 

Labour 

20 000 

HE-L 

2 114 



HE - gas input 

7 803 



HE - fresh gas 

2 120 



C 

104 994 



MP- L 

52 700 



P,+P 2 

28 570 



Engineering & contingency 

103 070 



TOTAL 

618 424 


2 029 000 
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The annual operating costs are also shown in Table 3. The raw materials costs were 
estimated from the average purchase cost of crude olive oil in Portugal in 1994. Supplies were 
empirically calculated from the scale-up study and include water, electric power, fuel, 
maintenance, assurances, transports and expedient articles. The labour costs were determined 
for 4 shifts of 2 persons each, plus supervising personal. With a depreciation time of ten years 
and an interest rate of 10%, the total annual capital costs was estimated to be 212PTE/kg of oil 
feed. Several other economical indicators, such as the internal rate of return of the plant, 
showed a promising economical feasibility for this project. 

Market considerations may play an important role in the feasibleness of this new extraction 
process by selling this output as a “green” salable product. Analyses of our raffinates, 
according to the European Norm for oils, confirmed that the olive oil thus obtained has all the 
characteristics for human use. 
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Abstract —Gas-liquid interfacial areas a and volumetric liquid-side mass-transfer coefficients 
k L a are experimentally determined in a high pressure trickle-bed reactor up to 3.2 MPa. Fast 
and slow absorption of carbon dioxide in aqueous and organic diethanolamine solutions are 
employed as model reactions for the evaluation of a and k,a at high pressure, and various 
liquid viscosities and packing characteristics. A simple model to estimate a and k L a for the 
low interaction regime in high pressure trickle-bed reactors is proposed. 

1. INTRODUCTION 

Trickle-bed reactors —TBRs—, i.e. packed beds fed cocurrently downwards with a two- 
phase gas-liquid flow, find widespread applications in the chemical, petrochemical and 
biochemical industries. Key processes of the oil refining, e.g. hydrodesulfurization and 
catalytic hydrofinishing, as well as many wastewater treatments are performed in TBRs. Even 
though most of the commercial TBRs operate at high pressure/temperature, information on 
key parameters (e.g. pressure drop, hold-up, mass transfer coefficients, ..) for TBR design at 
actual operating conditions has been poorly reported in the literature. 

Gas-liquid mass transfer can have a strong effect on TBR overall performance; therefore its 
accurate evaluation is essential for achieving successful design and scale-up. In spite of the 
vast information available on gas-liquid mass transfer characteristics of atmospheric TBRs 
[1,2] only a few researchers have studied how interfacial areas, a, and volumetric liquid-side 
mass transfer coefficients, k L a, evolve at elevated pressures. For example, it has been reported 
that both a and k L a increase as gas density is rised while the gas superficial velocity is kept 
constant [3-5], Similar observations regarding gas hold-up and two-phase pressure drop, as 
well as the delay in the onset of pulsing have also been reported [6], 

In this study, a and k L a are measured in a TBR in the pressure range [0.3-3.2 MPa] using 
fast and slow chemical absorption of carbon dioxide into diethanolamine (DEA) aqueous and 
organic solutions. Only the trickling regime and trickling/pulsing transition have been 
explored. A simple model to explain the increase of interfacial area and mass transfer 
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coefficient driven by pressure is proposed. It assumes that at high pressure part of the flowing 
gas is dispersed as tiny bubbles in the liquid films trickling over the packing. Such bubbles 
would be responsible for the increase in interfacial area. Bubble size is assumed to be 
determined from a balance between the viscous stress exerted by the liquid, which tends to 
deform and break the bubble and the counteracting Laplace pressure which tends to keep the 
bubble spherical. 

2. EXPERIMENTAL 

Experiments are performed in a 0.395 m high and 23 mm internal diameter stainless steel 
reactor, packed with various particles (Table 1). a is measured via C0 2 fast absorption into 1.5 
kmol/m 3 DEA aqueous solutions of varying viscosity through addition of ethylene-glycol 
(ETG). k L a is measured via C0 2 slow absorption into 0.05 kmol/m 3 DEA in ETG. All the 
experiments are carried out at 298 K. The gas mixture is obtained by mixing 5% vol. C0 2 in 
pure Nj. C0 2 conversion is determined by gas phase chromatography analysis. Physico¬ 
chemical properties of the liquids tested are shown in Table 1. 

Table 1 


Properties of the liquid solutions and particles employed 


d (mm) 

polypropylene extrudates 
activated carbon cylinders 
glass beads 
alumina spheres 





3.2 

1.5 

0.9-1.2-2-3.1 

2.0 


Pl 

Pl 

<*L 

1 0 9 xD a 

1 0 # xD b 

A=CO ; —B=DEA 

kg/m 3 

mPa.s 

mN/m 

mVs 

m 2 /s 

co 2 /dea/h 2 o 

1016 

1.2 

64 

1.7 

0.76 

CO 2 /DEA/H 2 O+20%ETG 

1037 

2.3 

59 

1.0 

0.43 

CO 2 /DEA/H 2 O+40%ETG 

1061 

3.8 

57 

0.7 

0.26 

CO,/DEA/ETG 

1112 

18 

48 

0.3 

0.15 


3. GAS-LIQUID INTERFACIAL AREA 


3.1. Effect of gas density and superficial velocity 

The effect of superficial gas velocity on gas-liquid interfacial areas for different operating 
pressures is shown in Fig. 1. For very low liquid or gas flow rates, a is almost independent of 
a change in pressure. However, for higher liquid flow rates, an increase in pressure induces a 
significant increase in a for gas superficial velocities above a critical gas velocity u 0c = 2 to 3 
cm/s. Gas and liquid superficial velocities over which pressure effects are no longer negligible 
are coincident with the ones for which gas hold-up becomes pressure-sensitive [6], Thus a 
relation between the change in interfacial areas and hold-ups due to pressure is expected. 

A physical assumption explaining those observations has already been suggested 
previously [3]. As pressure or gas density increases, gas shear over the trickling liquid film 
becomes more important for a given superficial gas velocity. The momentum transfer through 
the gas-liquid interface may then be large enough so as to make gas to be entrained into the 
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liquid, specially at certain points where the particles leave very small interstitial space. The 
gas will disperse in the liquid film forming bubbles. Bubble size in the gas-liquid suspension 
will be determined from a competition between the liquid viscous shear stress which tends to 
deform and break the bubbles and the force induced by interfacial tension, which tends to 
stabilise them. The bubbles formed will then be transported within the liquid films, thus 
increasing gas hold-up and gas-liquid interfacial area. 


■ a (m 1 ) 9 

. L=1.39kg/m2.s, P=0.6MPa 

• Liquid: water / 

. L= 1.39kg(m2.s,P= 1.1 MPa 

’ d=3.2mm-PVC extrudates 

. L= 1.39kg/m2.s,P=2.1 MPa 


□ L=3.67kg/m2.s, P=0.3MPa 

; j up* 

o L=3.67kg/m2.s,P=3.1 MPa 

Ugc i y* ?■ 

■ L=5.48kg/m2.s,P=0.3MPa 

• L=5.48kg/m2.s,P=2.1MPa 


0.01 0.10 Uo(nVs) j qq 


Figure 1. Typical effects of pressure and fluid velocities on gas-liquid interfacial area 

3.2. Model to estimate the increase of a due to pressure 

To quantify the increase of a due to pressure, a mean bubble diameter has been estimated 
using Taylor’s stability theory [7] on bubble deformation and break-up in sheared emulsions. 
According to this theory, bubble size in a sheared emulsion results from a balance between 
viscosity and surface tension forces. The dimensionless number that describes the ratio of 
these forces is called the capillary number Q. For large bubble deformations, the maximum 
stable bubble diameter in a shear flow is expressed as [8] : 

q = ^ m ^ = c ^->6 (1) 

ct l 

where t is the viscous shear stress exerted by the gas-liquid emulsion on the bubbles; D Mai is 
the maximum bubble size that can stand the external force without being broken; £2 is a 
critical capillary number that gives the conditions at bubble burst; X is the ratio of dispersed 
(gas) to continuous phase (liquid) viscosities, and C is a numerical constant fitted from 
experimental data. 

For this model to be valid the following assumptions have been considered : i) very 
small satellite bubbles formed in the break-up do not significantly contribute to gas hold-up 
and gas-liquid mass-transfer; only relatively large bubbles are considered; ii) bubble Sauter 
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diameter, D s , is representative of the bubbles dispersed in the films; it is proportional to the 
maximum bubble diameter, D mji . 

Bubble Sauter diameter is defined as: 

_ 6 Pb £ _ 6 (P^> _ P l ) £ px 

a b \ a ~ a ) 


where p b and a t are, respectively, the excess gas hold-up and the excess gas-liquid interfacial 
area induced by the bubbles in the liquid films. Such bubbles do not exist for atmospheric 
conditions in the trickle flow regime. At elevated pressure they may be evaluated from the 
difference between the actual values of liquid hold-up p L and interfacial area a and those 
corresponding to atmospheric conditions, respectively p u and a°. 

Expressing the effective viscosity of the gas-liquid emulsion with Einstein’s equation, and 
replacing the viscous shear stress x as the product of effective emulsion viscosity and the 
maximum liquid velocity gradient, and after combining Eq. (2) into Eq. (1), one arrives at the 
following relationship between a and a° : 


a- a 


O 



K 


We,. 

Re,e 


f 

( r Y) 

1 + 2.5 


V 

l Plo )) 


[h 



(3) 


where e is the bed porosity, Re, = p L u L d/|i L and We, = p, u, 2 d/c L . 
Table 2 


Data bank of the existing high pressure interfacial areas 


Reference 

Experimental conditions 

Number of data 

This work 

P = 0.3-3.2 MPa, d = 0.85-3.1 mm, 
u L = 10°-8 10 3 m/s, ( 4 = 1.1-10 mPa.s 

a. 155 
k L a: 34 

[5] 

P = 0.3-5.0 MPa, d = 3.1 mm, 

u L = 2 10‘ 3 -1.2 10 2 m/s, n L = 1.7-4 mPa.s 

a: 42 

Table 3 

Statistical analysis of the proposed model 

Databank Bias 95% Confid. factor Std-dev. 

a 

k,a 

197 0.99 2.34 

34 0.98 2.36 

48.0% 

47.6% 


Eq. (3) is a one-parameter correlation (k being the unknown parameter) that permits 
estimation of gas-liquid interfacial areas under high pressure provided the high pressure liquid 
hold-up p L is known; the expression between brackets can be seen as an enhancement factor of 
the interfacial area due to pressure effect. Values of p u , and a° at atmospheric pressure are also 
required. Using available interfacial area data of Wammes et al. [5] and the data of this work, 
the best estimate of k is 4.9 10 4 . Predictions of present results and of those reported by 
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Wammes et al. [5] by the suggested model are shown in Fig. 2. The experimental conditions 
and the number of data considered are listed in Table 2. To our knowledge these are all the 
data available on high pressure trickle-bed reactors and they fall within the 48% error. 
Statistical tests used to evaluate the goodness of fitting of the correlation are shown inTable 3. 



Figure 2. Comparison between a measured Figure 3. Parity plot of calculated 
vs. calculated with Eq. 3 and experimental data predicted k L a values 

3. VOLUMETRIC LIQUID-SIDE MASS TRANSFER COEFFICIENT 

As shown in Fig. 4, the effect of pressure is to increase the corresponding k L a. Similarly to 
a, k L a depends on pressure only for gas and liquid velocities above some critical velocities. 
The effect of pressure can be due either to an increase in k L or in a, or in both. A literature 
review on the pressure effect on k L in different gas-liquid contactors reveals that k L may be 
considered as independent of reactor pressure. Hence, k L a should vary with pressure only via 
the effect of the interfacial area. Following the assumption of the presence of small bubbles in 
the liquid films, gas-liquid mass transfer can be split into : a mass transfer from the 
continuous gas to the liquid film, with a mass transfer coefficient equal to the one at 
atmospheric conditions and a mass transfer from the bubbles to the surrounding liquid, as if 
bubbles were suspended in a stagnant medium. Then, contribution brought about by bubbles 
is calculated as the product of the excess interfacial area a h and the mass transfer coefficient of 
a bubble in a stagnant medium (Sh = 2): 

k L a = { k L a )° +*L fSh=2,a b 

The parity plot of calculated vs. experimental results of k L a under high pressure conditions 
is shown in Fig. 3. Even though measured data are scattered, they constitute to our knowledge 
the only existing experimental values obtained in a pressurised TBR. Experimental results are 
reasonably well predicted from the previous analysis as can be judged from the statistical test 
shown in Table 3. 
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Figure 4. k L a variation with pressure and gas velocity 


CONCLUSION 

Gas-liquid interfacial areas, a, and volumetric liquid-side mass transfer coefficients, k L a, 
are measured in a high pressure trickle-bed reactor. Increase of a and k L a with pressure is 
explained by the formation of tiny bubbles in the trickling liquid film. By applying Taylor’s 
theory, a model relating the increase in a with the increase in gas hold-up, is developed. The 
model accounts satisfactorily for the available experimental data. To estimate k L a, 
contribution due to bubbles in the liquid film has to be added to the corresponding value 
measured at atmospheric pressure. The mass transfer coefficient from the bubbles to the liquid 
is calculated as if the bubbles were in a stagnant medium. 
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Influence of mechanical stresses on phase transitions of 
polydimethylsiloxane and diacetate cellulose solutions 

E. V.Rusinova and S.A.Vshivkov 

Ural State University, Ekaterinburg', Russia 

1. SUMMARY 

Phase transitions in the system polydimethylsiloxane 
(PDMS)-methylethylketone (MEK) showing an upper critical 
solution temperature and in the gel-forming systems: cellulose 
acetate (CA)- acetone-water, CA-dioxane-water were studied 
under shear field and in static conditions. An inversion of 
the effect that the field has on phase transitions was 
discovered for the system PDMS-MEK: compatibility of the 
components in the flow increases under low shear stress and 
decreases under the high one. The shear stress leads also to 
the qualitative change of boundary curves, testifying to the 
change of the mechanism of the phase decompositions of 
solutions. For the gel-forming systems it was discovered the 
increase of the compatibility of the components under flow. 
The mechanism of these phenomena is suggested. 

2. INTRODUCTION 

It is well known that the polymer systems undergo various 
mechanical treatments during their exploitation. This leads to 
the change of component compatibility and to the shift of 
boundary curves. The theory of this phenomenon has been worked 
out. The present, article is dealing with the study of 
influence of the shear rates (j) and stresses (€>) on phase 
transitions in the systems: PDMS (M^=2.7*10 5 ) -MEK and CA-I 
(M n =6.1*lC)4 , degree of substitution (DS)2.4)-dioxane-water, 

CA-I I (M i^=6.9*1 of DS=2.5 )-acetone-water. 
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3. EXPERIMENTAL 

The solutions of PDMS in MEK and CA in mixed solvents were 
prepared at 313 K during several days. The phase 
separation temperatures (Tph) for the solutions under shear 
field and in static conditions were determined by cloud-point 
method and viscometric. measurements using rotational reometer 
PVR-2. The spinodal was determined by the light scattering 
method according to [11. 

3.1. Results and discussion 

The binodal(1)and spinodal curves for the systems PDM3-MEK 
are shown on Fig.1. These curves coincide in critical point 
with parameters UC5T=291 K, C =5.5 g/dl. 



c,g/d£ 


fig-2. 
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Fig.2 shows the boundary curves for PDM3-MEK system under 
static and dinamic. conditions. One can see that shear deforma¬ 
tion causes the shift of the boundary curves: at the low shear 
rate(^) and stress(6) (6=^,where 1^-the viscosity of the system) 
the component compatibility increases that manifests itself in 
the decrease of Tph , at the high(j) or (<3) the shear field 
causes the increase of Tph testifying to the decrease of the 
mutual compatibility. So an inversion of the effect that the 
shear field has on phase transitions was discovered for this 
system. 

./ 2 

The surface energy of PDMS is equal to = 24*10 J/m, 
that practically coincides with one for the MEK = 24.6*10 

O . / V / J / * 

J/'mr Therefore the value of 6,,,= 6-0,, is verv small and shear 
field can break-down the new phase nuclei that leads to the 
increase of the component solubility. As can be seen from 
Fig.2, the shear-dissolution effect shows to a great extent 
for the solution of critical composition, because in this case 
the composition of two c.oexistening phase are very close and 
is very small. 

Under high(6)the binodal is transformed to the curve for 
the gel-forming system. It can testify about the change of the 
mechanism of the phase separation of solutions. At the high 
shear rate the macromolecules can form the adsorbt.ion-entang¬ 
lement layers on the surface of the rotor and stator [21 that 
can lead to the formation of the gel-like particles and, 
finally to the phase separation. 

The reversible character of phase transitions in the case 
of low ^ and irreversible one in the case of high ^ testi¬ 
fy also about the different phase separation mechanism. Expe¬ 
rimentally it shows in the disappearance of the turbidity upon 
heating in the former case and in the irreversible solution 
tyrbidity in the second case. 

The boundary curves for the systems CA-I-acetone-water 
and CA- 1 1-dioxane-water are shown in Fig. 3.(a,b). 
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%5. 


One can see that for the both systems shear field causes 
an increase in miscibility of the components, it leads to the 
a decrease of gel formation temperatures. So the aggregates of 
macromolecules formed upon cooling are not stable and can be 
destroyed by the mechanical field. 
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ADSORPTION PROPERTIES OF SYNTHESIZED DIAMOND 
AS A FUNCTION OF MICRODOPING OF THE SOLUTION- 

MELT SYSTEMS 
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1. INTRODUCTION 

In the different fields of science and engineering during the 
past few years the interest in diamond powders as the multipurpose 
materials with a wide set of physico-chemical properties has 
considerably increased. So, the production of diamond powders 
with specific propetries, particularly with specific chemical and 
energy properties of a diamond grain surface, is the important 
research and technology topics. 

It is suggested that to grow diamonds possessing different 
adsorption and energy properties of the surface, one should use 
metal melts with different diamond-melt interfacial energies. 
Really, it is well known [1] that the interfacial energy between 
crystal and its uterine melt defines to a great extent the 
morphology and surface microstructure of the crystal formed. The 
free energy of formed surfaces with edges should satisfy the 
following expression: 


F = I CTi dsj + T dS (1) 

The first term of the expression presents a change of the free energy 
connected with the formation of new surfaces. The second one 
presents an intensity of the atom exchange between the crystal 
surface and uterine media. 

As follows from eq.(l), the opportunities appear for the 
changes of the values of crystal surface with the changes of the 
interfacial energies without a violation of the requirement of free 
energy minimum. In this sence, a decrease of the interfacial energy 
increases the values of crystal surface and vice versa. So, to obtain 
diamond grains with a more developed surface, one should 
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obviously use metal melts having lower diamond-melt interfacial 
energies. 

In this paper, we report the results of our investigations into 
the changes of chemical and energy properties of diamond grain 
surfaces with changes in physico-chemical and capillary properties 
of diamond crystallization media. We have carried out a set of 
special studies to establish main regularities of the correlations 
between properties of the crystallization media and adsorption- 
structural properties of synthetic diamond crystals. 


2. EXPERIMENTAL PROCEDURE 

The wettability of diamond with Ni-Mn alloys having Ga, Ge, 
Sn, Mg, A1 and Si additives was determined by means of the sessile 
drop method at high pressure (5.5 GPa) and temperature (1400° C) 
following a special procedure [3,4]. The metal pellet melted and 
attained its equilibrium form owing to surface forces on the 
diamond plane surrounded by molten NaCl that gives a quasi¬ 
hydrostatic enviroment and suppress oxidation of the metal. 

To determine the diamond equilibrium solubility in the metal 
melts in a range of its thermodynamic stability we also used a 
special method which was originally developed early. Based on the 
data obtained we estimated carbon supersaturations in the melts 
[4,5]. 

In our investigations, the energy levels of the diamond grain 
surfaces was determined by the experimental isotherm of nitrogen 
adsorption on the diamond surface at pressure P/P s =0.7 and 
temperature of a liquid nitrogen (77 K) [6]. For estimation of 
energy inhomogeneity of the grain surfaces we calculated a function 
of the adsorption potential distribution with the aid of a specially 
developed graphic-analitical procedure [6]. Based on the isotherm, 
the specific surface area and ultimately saturated pore value were 
also calculated. The differential and integral pore-size distributions 
were determined and the Gibbs free energy values at the diamond- 
vacuum and diamond-nitrogen interfaces were evaluated following 
the procedure described in [6,71. 
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3. RESULTS AND DISCUSSION 

The isotherms of diamond surface wettability with Ni-Mn- 
base alloys versus the amount of a third alloy component are shown 
in Fig.l. The Ga, Ge and Sn additives up to 10 at% in the alloys 
decrease the wetting angles on the diamond surface. At the same 
time the Al, Mg and Si additives increase the wetting angles over 
the concentration range under investigation. Such a behaviour of 
the wettability curves is defined by both a chemical affinity of a 
third component to carbon atoms and the intensity of the 
interaction of the alloy component atoms with each other according 
to [8]. So, for our further investigations we used the Ni-Mn alloys 
and 7 at% of the Si-additive and 7 at% the Ga-additive which 
exhibed the highest and the lowest wetting angles on diamond 
surface, respectively. 



Mole fraction, % 


Fig. 1. Wettability of diamond with Ni-Mn-base alloys at high pressure 
(5.5 Gpa) and temperature (1400° C). 1 -NiMn+Ga, 2 - NiMn+Ge, 3 - 
NiMn+Sn, 4 -NiMn+Si, 5 -NiMn+AI, 6 - NiMn+Mg. 
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For these alloys we determined the equilibrium carbon 
solubility and calculated carbon supersaturation with respect to 
diamond. We also grew diamond using the alloys and established 
the average yield of the diamond transformation. The data are listed 
in Table 1. 

Table 1. 

Relationship between physico-chemical properties of the 
crystallization medium ( Ni-Mn-Ga-C and Ni-Mn-Si-C systems) and 
physico-mechanical, physico-chemical properties and performance 
characteristics of synthesized diamond powders. 


Characteristic 

Measured values 

Units 

Results 



Physico-chemi¬ 
cal characteris¬ 
tics of the Ni-Mn 
doped alloys 

Wetting angle 

6° 

38 

27 

Carbon supersatu¬ 
ration of the metal 
melts 

mas. % 

0.14 

0.95 

Synthesis process 
characterizations 

Diamond raw 

material yield 

ct/cycle 

17.6 

32.0 

Mass fraction of 
63/50 diamond in 
the raw material 

% 

14.5 

10.0 

Energy characte¬ 
ristics of 63/50 
diamond grains 


m 2 /g 

0.033 

0.190 

The total diamond 
grain surface pro¬ 
duces per synthesis 
cycle 

m 2 

0.0160 

0.1216 

Exposed porosity 

ml/g 

21 10 5 

35 10 5 

o w at the diamond- 

vacuum interface 

J/m 2 

3.0 

2.0 

ct 3 at the diamond- 
nitrogen interface 

Mm 

0.3 

0.2 

Physico-mechani¬ 
cal and perfoman- 
ce characteristics 
of 63/50 diamond 
powders 


N 

14.6 

15.1 

Abrasive action of 
powders 
pastes 

m 

9.3 

309 


Strength criterion 
of polycrystals 

sec/mm 3 

239 

352 
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In Table 1 and in Fij4.2 are also shown the data of adsorption- 
structural properties of the produced diamond powders which were 
determined and calculated by the experimental low-temperature 
adsorption isotherms. 



Size, R (A) 


Fig. 2. The total porosity of Ga-doped (V p = 26 1(F ml/g) - (a) and Si- 

doped (V p = 97 10' 6 ml/g) - (b) diamond powders. 

Diamond powders synthesized from Ni-Mn+7at%Si and Ni- 
Mn+7at%Ga alloys were found to have significantly different 
adsorption-structural and energetic characteristics of their surfaces. 
The Ni-Mn +7at% Ga alloy with the lower interfacial energy (a 
lower wetting angle) was determined to provide the yield of 
diamond grains with a more developed specific surface. The powder 
from these diamonds also have higher adsorption properties, lower 
diamond-nitrogen and diamond-vacuum interfacial energies and a 
more developed porosity. 

As is seen from Table 1, the diamond powders synthesized in 
the Ni-Mn-Ga-C system have higher physico-mechanical and 
performance characteristics than those synthesized in the Ni-Mn-Si- 
C system. The diamond polycrystals sintered from these diamond 
powders were tested for wear. Wear of the polycrystals sintered 
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from the Ga-doped powder was a fraction of wear of the 
polycrystals from the Si-doped powder (see Table 1). 

So, our investigations allow us to establish the correlation 
between physico-chemical properties of the crystallization media 
(capillary properties of the diamond-metal melt interface, carbon 
supersaturation in the melt with respect to diamond) and 
adsorption-structure and energy proreties of the produced diamond 
powders. Our findings permit us to extend scientific and 
technological potentialities for production of diamond grinding and 
micron powders having unique properties. 


REFERENCES 

1. A. A. Chernov et al., Modern Crystallography ( Scince, 
Moscow, 1980). 

2. A. V. Andreyev, in Y. Tzeng et al.(Eds.), Application of 
Diamond Films and Related Materials, Elsev.Sci.Publ. B.V. 
1991, p.143. 

3. A. V. Andreyev, Diamond and Related Materials, 3(1994)1262. 

4. A. V. Andreyev, I. S. Belousov, Diamond and Related Materials, 
3(1993)7. 

5. S. A. Ivakhnenko, A. V. Andreyev and I. S. Belousov, Sov.J.of 
Superhard Mater., 14 N4(1992)11. 

6. V. G. Aleshin, A. A. Smekhnov, G. B. Bogatyreva, and 
V.B. Kruk, Chemical of Diamond Surface (Naukova Dumka, 
Kiev, 1990). 

7. I. J. Gregg, K. S. W. Sing, Adsorption, Surface Area and 
Porosity (Academ.Press, London and New York, 1967). 

8. Yu.V.Naidich, V.M.Perevertailo, E.M.Lebovich, Melt Adhesion 
and Soldering of Materials, 1(1976)28 (in Russian). 



High Pressure Chemical Engineering 

Ph. Rudolf von Rohr and Ch. Trepp (Editors) 

® 1996 Elsevier Science B.V. All rights reserved. 


509 


Impregnation of Porous Supports with Active Substances by Means of 
Supercritical Fluids 

C Magnan a , C Bazan\ F Charbif, J. Joachim b , and G. Charbif 

a Laboratoire d’Etudes et d’Applications de Precedes Separatifs 
Universite d’Aix-Marseille, Campus de St Jerome 
Avenue Escadrille Normandie-Niemen 
13397 Marseille CEDEX 20, France 

b Laboratoire de Pharmacie Galenique Industrielle, Faculte de Pharmacie 
58 Boulevard Charles Livon 13007 Marseille, France 

1. INTRODUCTION 

In the pharmaceutical industry the impregnation of porous and inert solids with drugs is 
classically achieved by a two-step process. During the first step, a solution of the active 
molecule in an organic solvent is brought into contact with the solid The second phase deals 
with the evaporation of the excess solvent. Some problems arise from this method. The 
elimination of the solvent can cause a degradation of thermosensitive drugs ; furthermore, 
residual traces of solvent resulting from an uncomplete elimination may cause a risk of toxicity. 
To overcome these problems it has been suggested to achieve the impregnation using a 
micronized dispersion of the drug in water. This method is successful in a number of cases but 
fails in other because of a possible hydrolysis of the drug. We thought that the use of a 
supercritical solvent (C0 2 ) instead of an organic liquid could constitute an interesting 
alternative with the following advantages: 

- Unlike most of the organic solvents carbon dioxide is exempt from toxicity. 

- Elimination of C0 2 from the medium is quantitatively done by returning to a low 
pressure. 

- Elimination is instantaneous, which is time saving. 

One of the major disadvantages of C0 2 is its low power of solubilization with respect 
to polar molecules and consequently to most of the molecules offering a therapeutic activity. 
The presence of a polar co-solvent added in small quantity to C0 2 is a solution to this problem. 
However, with regard to the particular aim of this study, a number of co-solvents must be 
avoided because of their toxicity. For the first experiments we chose a molecule offering a 
rather good solubility in C0 2 without co-solvent, the a Tocopherol acetate (aTA), though 
this compound does not present an extensive pharmaceutical interest. It appears in the 
European pharmacopoeia under the form of a dispersion of the molecule in gelatin, or an 
adsorption on silicic acid. The latter must have a weight concentration of 25% which is thus 
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the aim to be reached. No reference could be found in literature relatively to the chosen 
compound except Ferreira and Nunes Da Ponte [1] who reported that tocopherols can be 
extracted by supercritical CO 2 . This paper describes the first experiments carried out in 
order to develop the method and to compare the quantitative results to those obtained by 
classical ways. The two criteria of evaluation are the impregnation ratio R defined by the mass 
of active substance laid down by mass unit of porous solid, and the time necessary for the 
impregnation. 

2. EXPERIMENTAL 

2.1. Equipments 

Two experimental apparatuses were developed. The first setup described elsewhere [2], 
was used under static conditions to measure the solubility of the aTA in the supercritical fluid. 

The second equipment described in Figure 1 worked dynamically to carry out the 
impregnation. 



Two serial reactors Ri and R 2 with an internal volume of 8.3 ml, are fed with C0 2 by an 
air driven pump (2) through a preheating coil (3). The content of the reactors are mixed by two 
stirring devices (4), a pressure gauge (5) and a water bath ( 6 ) allow a precise setting of the P 
and T experimental conditions. By-passing of Rl can be achieved through an adequate 
combination of valves Vi to V 4 A decompression needle valve V5 adjusted in combination 
with the pump, allows to set the levels of both flow rate and pressure within the apparatus. 

2.2. Methods 

Known amounts of solute and porous support are respectively introduced in Ri and 
R 2 All valves being opened, the apparatus is flushed with pure C0 2 . and temperature is set at a 
fixed value. During the first step of the experiment, all valves are closed except Vj. Carbon 
dioxyde is fed into Ri and the mixture C0 2 -aTA is stirred during half an hour to initiate the 
solubilization of the drug Valve V 2 is then opened while V 3 and V 4 remain closed, thus locking 
the by-pass. The high pressure pump is switched on while the needle valve V 5 is adjusted in 
order to establish a fixed pressure Periodically the flow rate of C0 2 is measured by bubbling 
the mixture flowing out, in an aqueous saturated solution of C0 2 . The analysis of the effluent, 
is done by periodical bubbling in ethanol. Two different procedures were tested to stop the run. 
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The first one consists in switching the pump and depressurizing the setup slowly. In the second 
method the reactor Ri is by-passed by the flow of pure CO 2 which drains R 2 and eliminate the 
solute present in the supercritical phase before decompression Each run last at least threefold 
the residence time x. 

2.3. Analyses 

The atocopherol acetate is analysed by UV absorption at 284nm. Within the range 
from 0 to 320mg of aTA/g of ethanol, the absorption of the solution varies linearly with 
concentration The measurement of the solubility of aTA in supercritical C0 2 is directly done 
on the ethanolic solution The determination of the quantity of aTA deposited on Aerosil is 
performed in the same way after successive extractions of the solute from the solid by ethanol. 

3. RESULTS AND DISCUSSION 

3.1 Preliminary experiments 

As a comparison, in a first series of experiments, we carried out the impregnation of the 
Aerosil supports by means of ethanolic solutions of aTA according to the classical technique. 
A known amount of solid is brought into contact with the ethanolic solution for at least two 
hours The mixture is then filtered, dried, and weighted. The aTA is then extracted from the 
Aerosil by ethanol and analysed Though having the lowest specific area the Aerosil 972 
support gives the best results, because of its organophilic properties, while, on the contrary, 
the Aerosil 200 is rather hydrophilic Table 1 shows data obtained for Aerosil 972 (mean 
values of several runs). 

Table 1 

Impregnation of Aerosil 972 by an ethanolic solution of aTocopherol Acetate 


Concentration of the 

Amount of Aerosil 

Amount of aTA 

R 

ethanolic solution 
(mg aTA/g ethanol) 

(mg) 

deposited 

(mg) 

(mg aTA/mg solid) 

1.53 

8.3 

0.084 

0.01 

62.5 

500 

200 

0.4 


Within the range of the study, the ratio of impregnation R varies linearly with the 
concentration of aTA in the ethanolic solution It is then possible to calculate the equilibrium 
constant K defined by : K = R/C. 

The value thus obtained is : K = 6 4 10' 3 

The study of the solubility carried out within the range of 150-300 bars for the pressure 
and 313-328°K for the temperature [2], showed that the solute displays the cross point 
phenomenon [3], since at low pressure an increase of the temperature can lead to a decrease of 
the solubility Taking into account the fact that the highest solubility is obtained at 313 °K and 
300 bars, all the experiments of impregnation were performed under these conditions. 
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3.2. Impregnation 

For each experiment of this series, the analysis of the composition of the R 2 effluent vs. 
time yields a curve similar to Figure 2 which is relative to the particular case of a CO 2 flow 
rate of 0.184 ml/mn, under the experimental conditions of pressure and temperature. 



Time (mil) 


Figure 2. Weight concentration of aTocopherol acetate 
in the supercritical phase leaving the setup vs. time 

The general aspect of this curve with an inflexion point is typical of the dynamic 
behaviour of a second-order overdamped system in response to a step perturbation, i e. 
Fleaviside function [4], A property of this curve is that the concentration reached at the plateau 
is equal to the concentration of the fluid entering R 2 . Data of these runs are summarized in 
table 2 and presented in Figures 3 and 4. 

Table 2 


Data of the dynamical experiments of impregnation 


Run 

Flow rate of 
supercritical C02 
(ml/mn) 

t 

(mn) 

aTA Concentration 
in the effluent of R 2 
(mg/g) 

R 

% 

Draining 

ofR2 

1 

.36 

23.0 

2.9 

4.7 

no 

2 

.17 

49.0 

6.9 

21.4 

no 

3 

.16 

52.0 

7.7 

20.5 

no 

4 

.18 

45.0 

11.3 

7.5 

yes 

5 

.125 

66.0 

22.5 

12.8 

yes 

6 

.087 

95.0 

19.8 

24.2 

yes 
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Figure 3. Concentration of solute in the 
supercritical phase vs. residence time 



Figure 4. Ratio of impregnation vs. Composition 
of the supercritical phase 

3.3. Discussion 

Some dispersion of the data is observed due to : 

- the physical properties of the Aerosil. This compound chosen because of its high 
porosity, is extremely pulverulent, and its density is very low (60kg.m' 3 ). As a consequence 
only a very low quantity of aerosil (0.5-0.6g) was involved in each run which led to a relative 
imprecision of the analyses. 

- in the case of experiments 4,5 and 6, insufficient as well as excessive draining may 
result in erroneous data. 

- Figure 3 shows that the concentration of the solute in the supercritical 

fluid increases with the residence time x ; the kinetics of solubilization of the drug in Ri is 
slow. Such a phenomenon is typical of slightly soluble products. A possible improvement could 
result from a more intensive stirring in R ( 
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- A plateau value (21 mg of aTA/g of C0 2 ) seems to be reached for a residence time 
roughly equal to 70 mn. Higher values of x (i.e. lower flow rate of C0 2 ) will not improve this 
concentration which is the saturation concentration of the drug in C0 2 under 300 bars and 313 

°K. 

- Runs 1,2 and 3 which are carried out without draining the reactor R 2 at the end of the 
experiment, yield to values of R overestimated This is due to a partial condensation of the 
aTA in R 2 during the decompression. 

- Figure 4 shows a linear dependence of R with the concentration of the drug in the 
supercritical phase. Taking into account the only data of runs 4, 5 and 6, an equilibrium 
constant K can be estimated in spite of a relative imprecision. The value thus obtained is : K = 
8.2 10' 3 . This equilibrium constant is slightly better than the one obtained for the ethanol (6.4 
10‘ 3 ). This means that for an equal concentration of aTocopherol acetate in supercritical C0 2 
or ethanol, the impregnation is quantitatively better in the former case. 

- A comparison of the duration of the impregnation by the traditional method and by 
the procedure here proposed is favourable to the latter This is related to mass transfer easier in 
a supercritical medium than in liquid phase because of higher difTusivity of the species The 
advantage of the supercritical method is all the more marked since further steps of filtration 
and elimination of the solvent are necessary in the classical technique. 

4. CONCLUSION 

The first experiments reported here lead us to think that the impregnation of porous 
supports by drugs can be achieved by means of supercritical fluids This one-step method 
yields a final product exempt from any residual trace of toxic solvent The kinetics of the mass 
transfer is faster, besides the thermodynamics of the adsorption seems more favourable here. 
The main problem encountered up to now is the weak solubility of many active molecules in 
pure C0 2 , which induces a limitation of the percentage of deposited product. However, this 
difficulty can be overcome by the use of few amount of an entrainer. In particular, ethanol 
which does not show any toxicity, would greatly extend the range of active substances which 
could be used 
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1. INTRODUCTION 

For the design of a technical SFE process for deoiling and degreasing of metal parts and of 
grinding waste from the glass and metal working industry, different extraction parameters have 
to be studied [1,2]. One important parameter is the solubility of the metal working oils in the 
supercritical carbon dioxide acting as the extraction solvent. Roughly the used oils can be 
divided into mineral, synthetic or native oils, characterized by different composition of their 
hydrocarbon components and by their additives. The resulting phase behavior of these complex 
mixtures was measured applying the synthetic method at temperatures from 40 to 80°C and at 
pressures from 10 MPa up to 46 MPa. In order to measure phase equilibria of technical oils a 
commercial apparatus was optimized in regard to better reproducibility of the data. 

2. EXPERIMENTAL 

To perform the experiments a commercial phase equilibrium apparatus (Sitec PH 251-500K) 
schematically shown in Figure 1 was used. The cell, equipped with sapphire windows, has a 
variable volume of 12 to 25 cm 3 controlled by a nitrogen-driven piston. The position of the 
piston was monitored by inductive measurement. Temperature in the cell was maintained using 
an electrical heating jacket. Starting an experiment, a known amount of oil was filled into the 
cell A. By adding CO 2 using a screw press C a homogeneous mixture at a given temperature 
was obtained. To speed up the equilibration a magnetic stirrer B was used. The amount of 
carbon dioxide was calculated from the cell volume, which was accurately known from the 
inductive measurement of the piston position, and the solvent density at given temperature and 
pressure. The composition of the mixture was controlled by taking a sample after the 
experiment. The oil was adsorbed on charcoal filters (Supelco EnviCarb) and was determined 
gravimetrically. C0 2 was sampled and weighed in a gas-flask. During sampling the pressure 
was kept constant by means of the piston. By repeating the experiments for different amounts 
of oil isotherms were obtained. 

To determine the phase boundary pressure was lowered, until phase separation occurred, 
which could be observed visually by a camera system D. At first the pressure lowering was 
done by means of a hand-valve. To keep the pressure rates more constant the process was than 
automated using a computer controlled back pressure regulator E (Tescom ER2000). 

In comparison to pure substances, phase separation of mixtures is a slow process, because the 
components of different molecular mass or chemical nature separate successively from the 
mixture. To get an objective measure for the phase separation the clouding of the mixture was 
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monitored by a device containing a photocell F recording the transmission of the light in the 
cell. From the resulting clouding curve a distinct point was chosen characterizing the begin of 
the separation. 



Figure 1. Phase equilibrium apparatus with variable volume cell A, magnetic stirrer B, screw 
press C, camera system D, pressure relief valve E and photocell F for transmission monitoring 


Table 1 

Characterization of the oils under test 


Oil symbol 

Composition 

Viscosity 3 

Liquid density 11 

A 

native oil with esters, 
additives 

5.0 

0.855 

B 

mineral oil, vegetable 
fatty oil, additives 

15 

0.880 

C 

synthetic esters and 

hydrocarbons, 

additives 

6.5 

0.817 

D 

mineral oil 

— 

— 

E 

hydrated mineral oil, 
additives 

— 

— 

F 

synthetic aliphatic 
hydrocarbons 

3.4 

0.775 

G 

mineral oil, additives 

34 

0.870 


a mm 2 s' 1 at 40°C; b g cm' 3 at 20°C 
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3. RESULTS 

In Figure 2 the clouding points of different oils are shown in dependence of pressure at 
50°C. For simplicity the oils of different producers and applications are termed by the capitals 
A-F. The main characteristics of the oils are presented in Table 1. In addition to the different 
composition of their hydrocarbon content the oils contain a variety of additives, e g. aging 
inhibitors, anticorrosives, detergents, pourpoint depressants, foam inhibitors and others. 



0.00 0.05 0.10 0.15 0.20 

Weight fraction, w 

Figure 2. Solubility of metal working oils in supercritical CO 2 at 50°C; A-G: see Table 1; H: 
Squalane (C 30 FL 2 ) for comparison 

Most of the oils (B-E) show a solubility behavior as it is typical for substances of low 
volatility [4], But there are two oils showing markedly different solubility data. One of the 
exceptions is the native ester-based oil A with lower solubility in comparison to the mineral 
oils. This can be explained by the ester-oil components of larger molecular size in the native 
oil. How large solubility can differ is shown by the two synthetic oils C and F; C being an oil of 
synthetic hydrocarbons and esters, containing some additives, F being a colorless synthetic 
mixture of hydrocarbons comparable to pharmaceutical white oils. For comparison, solubility 
data of squalane [3] as an oil representative hydrocarbon (C 30 H 62 ) are plotted in Figure 2 
showing a behavior similar to the majority of the oils. An increase of pressure from 15 to 35 
MPa leads to an increase of the solubility by a factor 2 to 4. 

The influence of temperature on the solubility, eg. of oil E, is shown in Figure 3. At a constant 
pressure the lower temperature of 50°C results in a higher solubility due to the larger solvent 
density of 0.785 g cm' 3 in comparson to a density of only 0.595 g cm' 3 at 80°C. 




518 



Figure 3. Temperature dependence of oil E at 50°C and 80°C 


4. CONCLUSION 

Although most of the oils tested in this study show a similar solubility behavior, significant 
differences can occur, depending on the composition of the oils with respect to their 
hydrocarbon fraction and the chemical nature and the amount of additives. With the 
specifications given by the producers like density and viscosity at standard conditions (see 
Table 1) no correlation could be found to the experimental data. Further information about the 
composition is hardly available and an exact analysis is not only undesired but also nearly 
impossible. This lack of information also makes phase equilibrium calculations to be not very 
useful for the correlation or prediction of these solubility data. In every single case the 
solubility has to be determined experimentally. 
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For the design of new, innovative processes to separate low-volatile components such as 
drugs or polymers with supercritical fluids, experimental data are needed. We designed and 
built a new apparatus capable of investigating phase equilibria in the occuring complex systems 
up to 200 bar and 250°C. Phase transitions are determined optically. Samples of the coexisting 
phases even at high concentration and viscosity are taken. Solid particles can be collected. 


1. INTRODUCTION 

In the last ten years new, innovative processes utilizing supercritical fluids have received 
increasing attention. Here, we focus on two examples: the Gas /IntiSolvent process (GAS) [1], 
also known as PC A (Precipitation with a Compressed fluid /Intisolvent) [2], and Supercritical 
jdntisolvent induced phase Separation (SAS)[3, 4] 

In GAS, a compressed gas acting as antisolvent is dissolved in the solution of a non¬ 
volatile component with gas contents in the order of equimolar mixtures. This causes a 
volumetric „expansion“ and hence a remarkable reduction in solvent power. Consequently, 
precipitation or crystallisation of the solute occurs, leading to ultrafine particles and fibers in 
the micrometer range. Furthermore, the precipitates e g. pharmaceutical products are purified 
while impurities remain in solution. 

In SAS, a compressed gas is added to a polymer solution The upper critical solution 
temperature (UCST) and lower critical solution temperature (LCST) of that solution are 
shifted to higher and lower temperatures respectively until they finally merge to one region of 
immiscibilty over the whole temperature range. This process can be used for solvent recovery 
in solution polymerisation processes as well as for molecular weight fractionation of polymers. 

For the understanding of these processes and for the design and evaluation of new 
separation processes, it is crucial to get a better insight in the underlying principles and phase 
equilibria. Especially in the investigation of complex systems such as polydisperse polymers 
with additives or drugs with impurities, it is necessary to get information on the composition of 
the coexisting phases. Up to now, there is almost no such information available. 
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Therefore, we designed and built a new apparatus, capable of investigating liquid-liquid- 
vapor equilibria (LLVE) and solid-liquid-vapor equilibria (SLVE) of complex systems with 
non-volatile components such as drugs or polymers. 


2, EQUIPMENT AND EXPERIMENTAL PROCEDURE 

Main part of the experimental setup is a variable-volume autoclave of 1000ml designed for 
pressures up to 200 bar and temperatures up to 250°C (Figure 1). It is equipped with a special 
closing mechanism at the bottom that allows for very fast opening. A filter consisting of glass- 
fiber filter paper fixed between two steel sheets is mounted to the cylinder-like closure and 
sealed at the outer diameter with a teflon seal. Windows allow for visual observation of the 
whole inner diameter. The volume is varried with a metal bellows between 840 ml and 880 ml. 
Samples can be drawn from the phases via short stainless steel capillary tubes. Mixing is 
achieved by rocking the autoclave with variable angles from the horizontal position. 

Autoclave and sampling lines are electrically heated. The temperature is to an accuracy of 
+/-0.1K. Pressure is measured with a pressure transducer) that is connected to the top by 
means of a diaphragm-type chemical seal to +/- 0.3bar. It is calibrated for different 
temperatures. 

For GAS experiments the autoclave is filled with the non-volatile component and closed. 
Then, solvent is drawn into the evacuated vessel. With a pneumatically driven compressor a 
thermostated buffer vessel is filled with gas. From there it enters the high-pressure cell through 
the filter or the gas inlet at the top. Thus, the amount of gas can be determined by pvT 
measurement. Very fast pressure built-up rates can be achieved. After precipitation, the 
autoclave is placed in vertical position. The solution is then filtered and drained through the 
bottom valve. During that process the pressure is held constant by adding gas from the top. 
After the filtration step the solids can be washed with additional gas to remove any residual 
solvent. 

For SAS experiments, the autoclave is filled in a similar manner. Steel balls are added to 
achieve better mixing. When the desired temperature is reached, the pressure is adjusted by 
either adding some more solvent with a syringe pump or by pumping hydraulic fluid into the 
bellows with a second syringe pump. Once a homogeneous one-phase solution is established, 
the autoclave is moved to the vertical position. Samples are taken from the bottom and the top 
to confirm proper mixing and to confirm the concentration. Then, the pressure is lowered until 
the solution becomes cloudy. Upon further lowering the pressure, samples are taken from the 
coexisting phases after allowing sufficient time for phase separation 

In both experiments small amounts of samples are displaced into stainless steel sample 
bombs while the pressure is kept constant by adding more hydraulic fluid into the metal 
bellows. The sampling lines have an inner diameter of 1mm and a length of 100mm. Therefore, 
it is possible to handle highly viscous samples without having too much dead volume. The 
samples are weighed to +/-0.005g. After cooling the sample bombs the gas content is 
determined by PvT measurement. They are then flushed with additional solvent. Solids 
concentration is determined by HPLC, vibrating-tube density measurement, refractive index 
measurement or by stripping the solvent in a rotary evaporator under vacuum and weighing the 
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flask. The molecular weight distribution of polymers is established by gel permeation 
chromatography. 



Figure 1: Autoclave used for GAS and SAS experiments 


3. MATERIALS 

Experiments were performed using toluene (Merck, purity > 99.5%), cyclohexane (Fluka, 
purity >99.5%), naphthalene (Merck, purity >99%), polystyrene (BASF, Mw = 101000 g/mol, 
Mn = 93000 g/mol) and carbon dioxide (Linde, technical grade, purity > 99.5%). The solvents 
were dried over molecular sieves. The water content was checked with Karl Fischer analysis. 
All other materials were used as received. 


4. RESULTS AND DISCUSSION 

Three sets of experiments were performed to establish the reliability of the equipment. 
Figure 2 shows vapor-liquid equilibrium data of the toluene-carbon dioxide system at 80°C 
compared to data of Ng et al [5] and Morris et al [6], There is good agreement with literature 
data. Close to the critical point there is a slight deviation that can be due to the higher nitrogen 
content of the carbon dioxide used in this work 
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Figure 2: VLE toluene-C0 2 (Triangles: Ng and Robinson, 

Squares: Morris and Donohue, open circles: this work) 

In Figure 3 the equilibrium solubility of naphthalene in toluene „expanded“ with carbon dioxide 
at 25°C is shown. There is a considerable deviation to the data of Dixon et al [2], In both 
works, it was made sure that excess solids were present. Proper filtration of the naphthalene 
particles in situ prior to sampling is the crucial step of the experiment. Therefore, small 
amounts of particles leaking through the filter can cause an error in concentration 
determination. The samples in this work were analysed for naphthalene content by density 
measurement and additionally by refractive index measurement. The reproducability was better 
than 0.8 mole percent. 


Figure 3: 


SLVE naphthalene-toluene-C0 2 ; literature data vs. data from this work 
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In a third set of experiments we compared cloud-point data of the polystyrene- 
cyclohexane-carbon dioxide system (9.6 wt% polystyrene, 9 6 wt% C0 2 ) to the data of de 
Loos (9.4 wt% polystyrene, 5.0 wt% and 9.1 wt% polystyrene, 10.0 wt% C0 2 ) [7], This 
author used the identical polymer sample. The isopleths in Figure show an almost linear 
increase in pressure as the temperature is risen. Interpolation of the cloud-point temperature 
with carbon dioxide content and polystyrene content yields excellent agreement of the data. 



- de Loos w=10.02wt% 

- de Loos w=5.0wt% 
-This workw=9.6wt% 


150 170 190 210 

Temperature [°CJ 


230 


250 


Figure 4: LLE polystyrene-cyclohexane-C0 2 , literature data vs data from this work 
(C0 2 content as indicated) 

5. CONCLUSIONS 

A new, versatile apparatus for the determination of reliable SLV and LLE phase- 
equilibrium data has been designed and tested. In a first project this equipment will be used for 
the separation of polymers by molecular weight with the SAS process. We will test the concept 
of using pressure, temperature and gas content to fine-tune the selectivity of that process. 
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1. ABSTRACT 

The extraction of essential oil from oregano -Origanum virens L.- using liquid carbon 
dioxide (7 MPa and 298 K) and supercritical carbon dioxide (10 and 15 MPa and 313 K) was 
investigated. Experimental results were obtained in a laboratory scale plant equipped with a 
100 mL tubular extractor. 

During the extraction an unsteady process prevails. The present paper presents an 
unsteady state mathematical model for a fixed bed extractor (model 1). The overall mass 
transfer coefficients were calculated by matching the calculated and experimental values of 
oil loading in CCL. The results are compared with those obtained by the model developed by 
Catchpole et al , 1994 (model II). Good agreement between both models results and our 
experimental measurements were obtained, although the model II allows the best fit over the 
entire extraction curve. 


2. INTRODUCTION 

Plants represent a very important role in human nutrition, due to the large quantities 
of proteins, carbon hydrates, lipids, vitamins, antioxidants and mineral salts that its can 
supply. Sometimes the nutritional aspect can be associated with the flavour and fragrance of 
the extracts producing a high value products. In recent years one can observe an increase in 
research for natural sources, in particular from plant matrices, of additives with application in 
the food, cosmetic and pharmaceutical industries. 

1 Author to whom correspondence must be adressed. 

This work was sponsored by JNICT (Junta Nacional de Investiga<;ao Cientlfica e Tecnologica) through the 
projects PBIC/C/QUI/2354/95 and JNICT BM/3229/92-1E. 
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Oregano Origanum virens L. is an perennial herb with 40-70 cm high and very 
aromatic. This plant grows in open and dry countries, at altitudes lower than 500-700 m. The 
major components of essential oil from Origanum virens L. are terpineol, a-pinene, camphor, 
thymol, carvacrol and cineole. Compounds such as alcohols and dipentene are also present. 

Extraction of essential oils from plants using supercritical fluids is a very interesting 
application of this technology since it offers the possibility to improve the extraction yields 
and7or to obtain new flavours or aromas by the control of pressure and temperature of 
extraction. 

The solute is disseminated in a solid matrix in the most of the supercritical extractions 
of natural products. If the interactions between solute and solid matrix are not important, the 
mass transfer models can be developed from the equations of microscope balances to a 
volume element of the extractor. If the mass transfer resistance is in its solid phases, the 
mathematical models must consider the solute transport within the solid particles or the 
surface phenomena. 

Some attempts are being made to model the supercritical extraction of natural 
products. Most of the models proposed consider: the rate of extraction determined by the rate 
of mass transfer out of the matrix; the solute is present in small amounts in the matrix, and 
during extraction the concentration of the solute in the supercritical fluid is well below the 
solubility limit (Brunner, 1984; Bartle et al, 1990; Reverchon et al, 1993 and Catchpole et al, 
1994). 

The present paper presents an unsteady state mathematical model for a fixed bed 
extractor (model I). This model only takes into account the external mass transfer resistance. 
The overall mass transfer coefficients were calculated by matching the calculated and 
experimental values of extract loading in C0 2 . The results are compared with those obtained 
by the model developed by Catchpole et al (1994) for the extraction of oils from plant 
matrices (model II). This model contains three parameters and takes into account both 
internal and external mass transfer resistances. 


3. THEORY 


If the bed is made of non porous particles and if axial dispersion in the bed is 
negligible, the mass balance for the oil in solvent phase is given by: 


e lr=- u lT +Ka ( Y '- Y ) 


( 1 ) 


and for the solid phase: 


dX 

dt 


Ka (Y i -Y)f 

Pap 


with the following boundary conditions: 


X=X 0 


( 2 ) 


t = 0 


0 <1<H 


(3) 



t> 0 
t> 0 


/ = 0 
/ = OC 


y=o 
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(4) 

(5) 


Model I is based on the assumptions that the fluid flow rate, temperature, pressure, 
solvent density and bed properties are constant during extraction. 

The mass balance equations can only be solved if the relation between Y i and X are 
known. We assumed a linear relation for the equilibrium curve. This relation is given by the 
equation Y ; = Ke X , were Ke is a equilibrium constant experimentally determined. 

To solve the mass balance equations, we considered the extractor being divided in N 
layers, being obtained a system discretisation in relation to the bed height. The generic layer 
n is described by the following two equations: 


d Y„ 


dt 


U (Y n -Y n _,) | Ka 
£ (H/N) £ 


(V,-Y„) 


( 6 ) 


dXn 

dt 


= -Ka(Y,-Y n )-^- 

Pap 


(7) 


in which Y n and Y n l are the oil loading in the solvent at the exit and at the entrance of the 
layer n, X„ is the oil loading in its layer bed (n = 1 to AO- 

The equations (6) and (7) are integrated in order to time for each layer using the 
equation Y. = Ke X as an auxiliary. The first layer corresponds to the fresh entrance of 
the solvent were Y 0 = 0 whatever the value of t and X = X 0 for t = 0. The layer N 
corresponds to the extractor exit. In each layer an oil enrichment in the solvent fluid phase 
occurs. 

Rapid convergence in the integration of equations (6) and (7) was obtained using a 
computer program. We used the LSODA routine for solving the differential equations from 
ODEPACK Library (Aiken. 1985). 


4. EQUIPMENT 

The schematic diagram of the supercritical apparatus used in this work is shown in 
Figure 1. The carbon dioxide from the bottle at nearly 6 MPa passes through a cold bath at 
near 273 K (El) and is fed to a Air Driven Liquid Pump (Haskel Inc., USA) that presses it to 
the desired pressure. Liquefied CO 2 passes through a heat exchanger (E2) being preheated to 
the temperature of extraction, prior to being fed to a 100 mL tubular extractor in stainless 
steel which holds the vegetal material. The bed of solids is 8.5x10"- m high and as an internal 
diameter of 2.13x10" 2 m. The extractor was thermostated in a water bath and the temperature 
controlled with a digital controller (Ero Electronic, Italy) with an accuracy of ± 0.2 %. The 
pressure at the exit of the extractor was measured with a differential manometer (Skalenwert 
2, Germain) with an accuracy of 0.2 MPa. 

The needle valve V3 controls the exit flow of the solvent. From VI to V3 the pressure 
is reduced at several levels up to atmospheric pressure, recovering the essential oil in the first 
collector (Cl) at about 8 MPa and 313 K. Water and some volatile components are 
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segregated in the second collector (C2) at a temperature of 203 K and at atmospheric 
pressure. The amount of essential oil deposited in the first collector was measured by 
weighing. The volume of carbon dioxide delivered was measured by a diaphragm gas meter 
SAMGAS (DGM) with an accuracy of ± 0.005 L. Pressure and temperature conditions were 
measured at the end of assembly. After each sampling, the pipes around the extractor were 
washed with acetone. 



5. RESULTS AND DISCUSSION 

Oregano leaves just after harvest and dried during two months at room temperature 
were used in tests. Figure 2 shows the yield percentage obtained in extraction tests on 
Origanum virens L. leaves as functions of extraction time. The yield percentage were 
calculated by dividing the mass of extract collected in the first collector (Cl) by the initial 
bed mass (6 g). The extraction temperature in the tests shown was 313 K for pressures of 10 
and 15 MPa and 298 K for 7 MPa and the superficial velocity was 0.06x1 O' 2 m/s. 
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Figure 2: Extraction of Origanum virens L. leaves. □ - Dry oregano, P = 7 MPa, T= 298 K; 
• - Oregano just collected, P = 10 MPa, T= 313 K; O - Dry oregano, P = 10 MPa, T= 313 K; 
A - Dry oregano, P = 15 MPa, T= 313 K. 
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The extraction yield rises with pressure at 313 K due to the increasing of the 
supercritical CCb density as the pressure increases at constant temperature, increasing the 
solvent power of carbon dioxide. The yield of extraction with liquid CO 2 was lower than 
with supercritical CO 2 . No differences in extractions results were observed with the two 
types of oregano used. 

Models were applied to the results obtained in the first collector, since the extract 
obtained in the second collector was made up of water and some volatiles that can not be 
separated. A Hewlett Packard 5890 Series II fitted with a flame ionisation detector was used 
to analyse the extract obtained in the first collector. A capillary column HP5 (cross linked 
phenyl silicone gum phase) was used. The separation was carried out with nitrogen as carrier 
gas using a detector at 523 K. Terpineol was the major component of the precipitated matter 
(a 65 % w/w). 

To obtain the parameters presented in table 1 we considered that the particle diameter 
is the weight mean diameter calculated by sieving, the extract was considered as terpineol, 
the diffusion coefficient was obtained by the equation proposed by Tan et al (1988) and the 
overall transfer coefficient for model II is related to the diffusivity and to the external mass 
transfer coefficient by the relationship proposed by Catchpole et al (1990). 

Table 1 

Parameters inserted in models and the best fit values obtained from the two models for 
extractions of oregano_ 


Vegetal Material _Oregano 


Particle diameter x 10 3 (m) 

1.1 

kf a 15 MPa x 10^ (m 2 s _1 ) 

2.3 

kf a 10 MPa x 10^ (m 2 s‘ l ) 

4.2 

kf a 7 MPa x 10^ (m 2 s‘*) 

2.8 

Mass flow rate (kg h' 1 ) 

0.5 

Predicted D 12 at 15 MPa x 10^ (m 2 s"') 

8.1 

Predicted D ]2 at 10 MPa x 10^ (m 2 s"') 

12.7 

Predicted D 17 at 7 MPa x 10^ (m 2 s‘ *) 

7.2 



| Model I I 

| Model 11 

P (MPa)/ 

Best fit Ka x 10^ 

Mean Absolute Error 

Best fit De x lo ' 2 

Mean Absolute 

T(K) 

(s" 1 ) 

of Fit (%) 

(m 2 s"') 

Error of Fit (%) 

7/298 


3.4 

0.3 

6.3 

10/313 

1.3 

13.3 

4.0 

3.9 

15/313 

4.0 

10.2 

5.4 

9.9 


Model results are shown by a continuous line for model I and by a dashed line for 
model II in figure 3. 

The model I is very simple, and it is not very sensitive to the physical properties of 
the bed, but the values of the overall mass transfer coefficients optimised are strongly 
dependent from the equilibrium relation assumed and it only is able to describe the initial part 
of the extraction. Ke was determined by mass balance assuming a uniform distribution in 
solid bed. Ke values of 0.5, 0.2, and 0.6 were obtained for 7, 10 and 15 MPa. Assuming a - 
3000 m^rrf 3, the mass transfer coefficients calculated with model I are of some orders of 
magnitude lower than those for external mass transfer coefficients. This type of models have 
being applied with success to the extraction of edible oils from seeds were the solute is in a 
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free form, but seems to fail to describe processes were the intra-particle diffusion is the 
controlling stage. 

A light increase of the effective diffusivity De (model II) with pressure was observed 
but this variation must be analysed carefully with more experimental data, since this variation 
is not foreseen. The effective diffusivity must have the same variation as the diffusion 
coefficient if the particle porosity remain constant during the extraction process. The values 
obtained at 7 MPa and 313 K are of the same order of magnitude to those obtained for 
herbaceous matrices [(1.5 to 2.8) x 10"' 3 m 2 s _l ] by Reverchon et al (1993). 



Figure 3: Experimental and predicted results for the extraction of Origanum virens L. leaves. 
□ - Dry oregano, P = 7 MPa, T= 298 K; • - Oregano just collected P = 10 MPa, T= 313 K; 
O - Dry oregano, P = 10 MPa, T= 313 K; A - Dry oregano, P = 15 MPa, T= 313 K. 

NOMENCLATURE 


a 

- Interfacial area 

(m 2 m' 3 ) 

H 

- Bed height 

(m) 

K 

- Mass transfer coefficient 

(ms’ 1 ) 

t 

- Time 

(s) 


- Superficial velocity 

(m s' 1 ) 

X 

- Oil loading in bed 

(kg oifk§ solid! 

Y 

- Oil loading in the solvent 

(kg oifkS solvent) 

y, 

- Oil loading in equilibrium 

(kg oil^k§ solvent) 

£ 

- Bed voidage 


P.P ap 

- Solvent and apparent bed densities 

(kg nr 3 ) 
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Supercritical fluid extraction(SFE) combined with five types of bioassay tests 
is extensively applied to explore some bioactive substances from thirty types of 
natural resources available in Korean peninsula. To evaluate comparatively the 
economic viability of the SFE, organic liquid solvent extraction(LSE) with n- 
hexane, chloroform and methanol was also performed. To characterize the 
extracts, GC and HPLC are employed. Also, the column chromatography is used 
to isolate some target compounds from the total extracts. For all the samples, the 
optimum SFE condition for each sample which gives maximum yield and 
cytotoxicity were discussed. 


1. INTRODUCTION 

In the Orient, numerous natural products have long been used in folk medicine. 
Also, in recent years some pharmaceutical industries and universities in Korea 
are placing their efforts on the quantification of cytotoxic phytochemicals from 
the natural resources. As a part of those efforts, the present authors are involved 
on the two-fold critical evaluations of the possible implementation of the 
supercritical fluid extraction(SFE) to obtain extracts from the natural resources: 
one is the establishment of the optimum SFE condition for each sample resource 
which gives maximum extraction yield and cytotoxicity, and the other is the 
high-purity isolation of some specific compounds from the SFE total extracts. 

To figure out comparatively whether the SFE is advantageous or not, the 
traditional Soxhlet organic liquid solvent extraction(LSE) with n-hexane, 
chloroform and methanol was carried out. Also, simple but reliable in vitro 
bioactivity tests were established and applied to the extracts. The bioassays 
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included cytotoxicity, bleb forming, DNA binding, oxygen free radical scavenger 
and Xanthine oxidase inhibitor tests. 


2. SFE BY CO 2 AND LIQUID SOLVENT EXTRACTION 

Two types of SFE equipment are used. One is a large scale flow type 
apparatus! 1.5/) which is used to obtain the total extracts. The SFE condition in 
this equipment was 50 °C and 30 MPa. The other is a microscale extractor(60 ml) 
which is used to establish the optimal SFE conditions. In the SFE, carbon dioxide 
is mainly used and the experiment is performed in the ranges of 35-55 °C and 10- 
30 MPa. 

In the LSE, a glass-type equipment is used and the extractions with chloroform, 
methanol and n-hexane are carried out. The LSE is usually takes about 12 hours 
with 5 g of each sample. Since we discussed elsewhere the experimental 
procedures of both the SFE and the LSE, we omit here further descriptionsfl, 2], 


3. BIOACTIVITY TESTS 

The bioactivity tests are carried out to all the sample extracts based on the 
systematized methods described elsewhere[3] and, thus we omit here further 
description of each analytical procedure. Employed bioassays are included 
cytotoxicity, bleb forming, DNA binding, Oxygen free radical scavenger and 
Xanthine oxidase inhibitor tests. 


4. CHROMATOGRAPHIC ANALYSIS 

For the analysis for extraction yield of each target compound, any one of GC, 
HPLC or column-chromatography was used. For the case of GC, the oven 
temperature was 260 °C, injector temperature was 275 °C and detector(FID) 
temperature was 290 °C. For the case of HPLC the mobile phase was acetonitrile 
and water (40:60) and the UV wavelength was 254 nm[4]. 


5. RESULTS AND DISCUSSION 

5.1. Bioactivity tests to the total extracts 

For thirty natural resources, total extracts are obtained by both the SFE at 
45C and 30 MPa and the LSE by n-hexane, chloroform and methanol, 
respectively. For all the extracts, five types of bioassays were performed and the 
qualitative results are summarized in Table 1. For the case of the cytotoxicity 
assay, the extracts of Angelica gigantis Radix, Aralia Cordata, Bupleurm falcatum, 
Acanthopanacis Cortex and Spirodelae Herba by the SFE showed much higher 
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cytotoxicity (each EDsowas lower than 30 pg/ml) than those by the LSE as briefly 
shown in Table 1. Also, for the cases of bleb forming and DNA binding assay, the 
SFE extracts of Ginkgo leave, Polygalae Radix, Ephedra Herba and Plantaginis 
semen were more active than those by the LSE. 

In Xanthine oxidase inhibition assay, the SFE extract show almost no 
bioactivity as the case of the LSE. In the oxygen free radical scavenger assay, the 
SFE extracts of Schizandrae fructus and Moutan Cortex Radicis were more 
active than the case of the LSE. 


Table 1 


Bioassay results for the extracts obtained from the natural resources by the SFE’ 


Sample 

Lycium 

chinense 

Schizandra 

chinensis 

A 

Citrus 

unshiu 

A 

Angelica 

gigas 

• 

Comus 

officinalis 

♦ 

Cnidium 

officinale 

Sample 

Ginkgo 

biloba 

Aralia 

cordata 

• 

Evodia 

officinalis 

Crataegus 

pinnatifida 

Paeonia 

lactiflora 

Leonurus 

sibiricus 

■ 

Sample 

Sophora 

japonica 

■ 

Artemisia 

capillaris 

♦ 

Plantago 

asiatica 

■ 

Ephedra 

sinica 

■ 

Aconitum 

carmichaeli 

Scolopendra 

subspinipes 

■ 

Sample 

Paeonia 

suffruticosa 

Coptis 

japomca 

Pueraria 

thunbergiana 

Polygalae 

tenuifolia 

Eucommia 

ulmoides 

♦ 

Astragalus 

membranaceus 

Sample 

Bupleurm 

falcatum 

♦ 

Artium 

lappa 

Acanthopanax 

sessiliflorum 

• 

Morns 

alba 

Epimedium 

koreanum 

♦ 

Spirodela 

polyrhiza 


t: For the bioassay tests given below, the extract obtained by the SFE shows significant bioactivites, 
respectively. 

• : Cytotoxicity assay(P388), ■ : DNA binding assay, # : Bleb forming assay, 

A : Oxygen radical scanvenger, ♦ : Xanthine oxidase inhibition assay 


5.2. Establishing optimum SFE conditions 

Based on the bioassay tests, SFE with the microscale equipment was carried 
out for all the sample resources in the ranges of 35-55°C and 10-30 MPa. In 
establishing the optimum condition for each sample, emphasis was given to a 
condition which guarantees the maximum cytotoxicity. It was found that there 
exist a unique optimum condition for each sample. In Figure 1, the variations of 
cytotoxicity of the Aralia Cordata extracts with respect to the extraction methods 
are shown illustratively. The cytotoxicity is increasing with decreasing pressure 
for the case of SFE. In general SFE extracts show higher cytotoxicity than those 
by the LSE. The other cases, for example, the optimum SFE conditions which 
give maximum cytotoxicity of Angelica gigantis Radix and Bupleurm falcatum 
were 55 °C, 30 MPa and 45 °C, 10 MPa, respectively. 
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Figure 1. Variations of bioactivities for the extract of Aralia Cordata by the SFE and LSE 


5.3. Selective Isolation of Target Compounds 

To obtain the high-pure compounds from the candidate total extracts, 
column chromatographic separation is performed for some illustrative total 
extracts. For example, squalene and podophyllotoxin with high purity are 
isolated from the related extracts. Upon comparison with the LSE, we found that 
squalene can be easily obtained from the SFE extract than the case of LSE. 
Although we are not shown here similar interesting results are obtained for other 
substances. For example, high-purity podophyllotoxin derivatives, which has 
been known for antitumor activity[4] can be obtained easily from the SFE extract 
of Podophyllum peltatum. 

In summary, we examined extensively the SFE for the alternative 
replacement of the traditional LSE in pharmaceutical industry. We found that 
for many sample resources, the SFE is found to be advantageous over the LSE. 
Furthermore, by cooperating column chromatography with several types of 
bioassay tests, we demonstrated a sufficient economic feasibility of the 
implementation of the SFE for the selective separation of the total extracts and 
subsquently the high-purity prodrug substances from the natural medicinal 
products. 
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ABSTRACT 


In the field of polymer recycling and/or disposal of e g. polymer composites of mass 
consumer products new techniques are highly required. For safety reasons polymer housings of 
mass consumer products e.g. computers, radios, TVs and other electrical household tools 
contain flame retardents, preferably brominated organic substances in amounts of 10 to 20 %. 
Commonly used disposal techniques of these halogen containing composites like incineration 
have the disadvantage that corrosive brominated gases and dioxines are formed and require 
costly and large-scale flue gas collectors. A direct recycling is not possible due to the fact that 
the components are difficult to seperate. 

One promising way to seperate halogenated flame retardents out of polymer composites 
seems to be the extraction by supercritical fluids like C0 2 .. Main objective of this paper is to 
find the suitable conditions for high extraction efficiencies. For model mixtures involving the 
flame retardents TBBA, TBPA and HBCD the extraction efficiency from the inert matrix 
MgS0 4 was examined in relation to extraction pressure, temperature and time. The data form 
the basis for realistic tests on ABS composites with different flame retardents. 


1. INTRODUCTION 

For safety reasons polymer housings of mass consumer products e.g. computers, radios, 
TVs and other electrical household tools contain flame retardents, preferably brominated 
organic substances in amounts of 10 to 20 %. Commonly used disposal techniques of these 
halogen containing composites like incineration have the disadvantage that corrosive 
brominated gases and dioxines are formed and require costly and large-scale flue gas 
collectors. A direct recycling is not possible due to the fact that the components are difficult to 
seperate. 
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Because of the governmental orders like the ‘Elektroschrottverordnung’ and the related 
gradle-to-grave ownership as far as the increasing disposal costs new recycling technologies 
and/or new disposal concepts are highly required. Any kind of reducing disposal costs and/or 
reusing of the plastics needs the seperation of the halogenated components from the polymer 
matrix. 

One promising way to proceed seems to be the extraction of the halogenated components 
by supercritical fluids. This technique is called supercritical fluid extraction (SFE). Because of 
their special properties supercritical fluids show solubilities like organic solvents and transport 
properties like gases. Especially carbon dioxide with it’s low critical data (T c = 31,3 °C, p c = 
7,28 MPa) was found to be a good candidate for the extraction of organic substances. There 
are several applications of the SFE-technique with SC-CO 2 for instance in the field of: 

• production of flavour substances 

• regeneration of activated charcol 

• extraction of pollutants from contaminated soils 

• extraction of pollutants from polluted waste waters. 


2. OBJECTIVES OF THE STUDY 

Main objective of this paper was to study basic principles to apply the SFE-technique in the 
field of seperation of brominated additives from polymer composites. This means especially to 
find the suitable conditions for high efficiencies using SC-C0 2 as extraction medium. For 
model mixtures involving the flame retardents TBBA, TBPA and HBCD the extraction 
efficiency from the inert matrix MgS0 4 was examined in relation to extraction pressure, 
temperature and time. Furthermore the transferability of the produced data was varified 
inrealistic tests on ABS composites with different flame retardents. 



tetrabromophthalicacid anhydride 



C(CH 3 ) 2 

2 



hexabromocyclododecane 


Figure 1: Typical brominated flame retardents examined in this study 
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3. EXPERIMENTAL 

Basic experiments were carried out with an extractor in analytical scale (SFE-703, 
DIONEX). For a typical experiment the extraction cells (10 ml internal volume) were fully 
filled with a homogeneous mixture of the flame retardent and the inert MgS0 4 and placed into 
the oven chamber of the extractor. After reaching the desired extraction conditions (pressures 
of 250 to 500 bar and temperatures of 60, 80 or 100 °C) the samples were extracted for 45 
min. The extracted components were analysed by gravimetric, spectroscopic and/or 
chromatographic methods (IR, GC-MSD). Further experiments were made with realistic 
brominated ABS composites (granulated composites) in analytical scale and also with an 
extraction autoclave in laboratary scale (500 ml internal volume). 


4. RESULTS AND DISCUSSION 

4.1 Extraction efficiency as a function of extraction pressure 

To find the suitable extraction conditions for the seperation of brominated substances like 
tetrabromobisphenole-A (TBBA) from polymer matrices the extraction efficiency was firstly 
studied e g. for TBBA / MgS0 4 mixtures under different extraction pressures while the other 
conditions were held constant (T = 80 °C, t = 45 min). 


pressure dependence of recovery rate 
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Figure 2: Recovery rate of TBBA as a function of the used SC-C0 2 -pressure 
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In dependence of the applied SC-C0 2 -pressure different amounts of TBBA were detected 
after the experiments. As figure 2 shows the extraction efficiency is strongly influenced by the 
extraction pressure and therefore by the density of the supercritical CO 2 . For extraction 
pressures of 250 or 300 bar the extraction rates of TBBA are very low (8 % and 20 %). 
Between 300 and 400 bar the extraction efficiencies are strongly increased (64 % for 350 bar 
and 74 % for 400 bar). In this pressure region the detected increase is the highest observed. A 
further rising of the extraction pressure yielded only to slightly higher extraction rates (87 % 
recovery at 450 bar and 90% at 500 bar). The experiments show that for higher pressures and 
therefore densities the solubility of the extraction medium for TBBA is increased. 


4.2 Extraction efficiency as a function of temperature 

Under constant conditions of 350 bar and an extraction period of 45 minutes the 
temperature dependence of the extraction efficiency of e g. TBBA out of the inert MgS0 4 was 
examined. From the viewpoint of density a temperature increase means that the density of the 
extraction medium and therefore its solubility is lowered. 


temperature dependence of recovery rate 



Figure 3: Recovery rate of TBBA as a function of the used SC-C02-temperature 


As figure 3 shows the detected recovery rates for the halogenated fire retardent are 
increased for increasing extraction temperatures. This means that the extraction process 
depends not only on the density but is also diffusion controlled. The positive effect of the 
better diffusion of the fire retardent exceeds the lowered solubility of SC-C0 2 . 
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4.3 Extraction efficiency as a function of extraction time 

The time dependence of the extraction process is showed in figure 4. Under constant 
extraction conditions of 350 bar and 80 °C an extraction period of 10 minutes yielded to a 
recovery rate of < 2 %. This means that the extractor needed about 10 min for getting the 
desired extraction conditions and the extraction process started. After 30 min about 62 % of 
the used amounts of TBBA were extracted. Increasing the extraction time by a factor of four 
yielded to a recovery of 80 %. As expected from the theory longer extraction times yielded 
only to slightly hiher extraction efficiencies. To make the extraction process more effective it 
would be better to rise e g the extraction pressure 
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Figure 4: Recovery rate of TBBA as a function of the used extraction time 


4.4 Extraction of ABS composites 

Extraction experiments with different realistic ABS composites (granulats particles of 1 8 * 
2 * 2.2 mm 3 ) showed that under conditions of 450 bar and 45 min the above mentioned 
temperature dependent diffusion effect was further increased. Rising the extraction 
temperature from 60 to 100 °C lead to increased extraction rates (factor of 8 to 10 higher). 
This means that the extraction of the flame retardent out of the polymer matrix (diffusion 
controlled process) seems to be better under higher extraction temperatures where the polymer 
possibly begins to flow. Experiments in laboratory scale showed good results so that a scale-up 
of the SFE-technique and its use as an effective method for separating halogenated flame 
retardends from plastics seems to be promising. 
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A Method for the Determination of Pressure Dependence of Liquid-Liquid Phase 
Behavior in High Viscous Systems 

H. Lentz, U. Michel, Siegen University, 57068 Siegen, Germany 
L. Kleintjens, DSM Research, Postbus 18, 6160 MD Geleen, the Netherlands 


1. INTRODUCTION 

High viscous homogenous mixtures such as polymer blends of well defined components 
are often difficult to prepare and even more problematic is a production of the relative big 
sample quantities necessary for some conventional investigation methods. Hence there are 
demands for "mini method", especially for a method to determine the phase behavior as a 
function of temperature and pressure. This task is solved to one part by the recently developed 
"mini extruders" of DSM (1), which enable a very good premixing of small amounts of 
polymer samples. 

A "mini-optical-cell" necessary for the observation and indication of phase behavior of 
small amounts of viscous systems has been developed consequently and is described in this 
contribution in details. 

The method described here is of some general interest, because the investigation of the p,T,x 
phase behavior of mixtures of expensive components is not a seldom problem in physical 
engineering chemistry. 


2. MINIATURE INSTRUMENTATION 
2.1. The DSM Mini Extruders 

Three types of mini extruders have been developed at DSM Research. The smallest 
extruder consists of a single shaft rotating in a thermostatted cylinder. Its volume is 2 cc. 
Polymers can be mixed in the extruder at a certain temperature. By opening the attached valve 
the mixture can be extruded through a needle. The polymer mixture can be pressed into any 
small sample holder. 

Further developments ultimately resulted in other self-cleaning twin-screw mini-extruders 
(ref. 2), with a total volume of 5 to 15 cc through which the blend can be circulated if so 
desired. The extruders are given a conical shape so that it could combine the benefits of large 
and small screws, i.e. easy feeding of the granulate and additives, rapid compression and high 
extrusion pressures. This DSM MINI-EXTRUDER moreover has adjustable speed control, two 
heating zones and a force tranducer. The force transducer provides an indication of the 
viscosity and the degree of degradation or crosslinking. 
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As the mini-extruder must be suitable for many different kinds of plastics, including 
abrasive and corrosive grades, it is made of high-quality tool steel that has been subjected to 
a special heat treatment and then coated to make it abrasion resistant and easy to clean. 



Fig. 1. DSM mini extruder 


2.2. Capillary cell 

The sample is injected from the mini-extruder in a capillary of 22 mm length and of a 
inner diameter of 1 mm (outher diameter 1.5 mm) or alternatively inner diameter 6 mm, 
outher diameter 7 mm. The capillary is sealed with a floating plug of graphit filled teflon. In 
order to keep the capillary in a vertical position a "mini frame" is used as support. The 
capillary and the supporting frame are shown in Fig. 2. 



Fig. 2. Capillary sample cell and the supporting frame 
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2.3. Window autoclave 

The capillary cell can be placed in a small autoclave, i d. 25 mm, o.d. 50 mm, inner 
volume 11 cm 3 (Fig. 3) with 2 bigger windows of safety glass or synthetic sapphire (d 30 
mm, h 15 mm) and 1 small window from sapphire (d 10 mm, h 6 mm). 


Fig. 3. Window autoclave 


The windows are sealed with viton 0-rings, the big windows at the front surface and the 
small windows at the cylinder surface. In the middle of the cylinder are 2 high pressure 
entrances in order to connect the inner volume of the autoclave with the high pressure 
perephery and in order to introduce a thermo couple in the inner volume. 

Silicon oil was used as the pressure transmitting medium. The pressure perephery is 
conventional and a discription can be omitted. The gauge used is of 0.1 class and hence 
accuracy of the pressure measurement is around ± 1 bar. 



3. INDICATION OF PHASE TRANSITION BY SCATTERED LIGHT 

A laser beam is passing the small sapphire window, entering the capillary cell at the lens¬ 
shaped bottom end and passing along the cell axis through the viscous liquid Inhomogenieties 
in the liquid will result in a scatter of the light and hence the scattered light can be used to 
indicate the phase transitions in the mixture as will be demonstrated later. 

The instrumentation for the measurement of variations of the intensity of the scattered light 
are schematically shown in Fig. 4. 



Fig. 4. Electronic device for the measurement of the intensity of scattered light (I 90 ) 






Intensity 
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The change of a photo resistor collecting the light scattered under an angle of 90° (I 90 ) is 
measured accurately and registrated by a computer together with e.g. the (increasing) 
temperature in a isobaric run. 

This is demonstrated for the low viscous system 2-butoxy-ethanol/water in Fig. 5. Short 
time intervals - e.g. 2 sec. - between the measured points result obviously in a stronger 
variation of the measured cloud points as with longer intervals (e.g. 10 sec in Fig. 5). The 
phase transition temperature (around 62.6 °C for this mixture) of an isobar can be estimated 
with an accuracy of ± 0.5 K. 
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Fig. 5. Intensity of the scattered light (I 90 ) as a function of temperature. 
System 2 Butoxyethanol/water at 172 bar, x(FI 2 0) = 0.975 
Line represents intensity averages every 10 sec. 




545 


For high viscous systems the indication of a phase transition is remarkable more difficult 
as for the low viscous system (3). Fig. 6 shows a typical example of the system 8.5 % 
PMMA/91.5 % SAN (Polymethylmethacrylate/Styrene acrylonitrile copolymer). 

The estimated accuracy is in this case (at LCST cloud point transition temperature around 
208.9 °C) ± 1 K. 



Temperature, °C 


Fig. 6. Cloud point measurement in the system PMMA/SAN (8.5/91.5) at 100 bar. Heating 
rate lK/min. Line represents intensity averages every 10 sec. 


The influence of different capillary diameters and filling length were studied as were different 
kinds of optical observation methods. We found a pronounced decrease of the LCST cloud 
point temperature of this blend of PMMA/SAN with increasing pressure (3). 

However, further improvement is well possible by using smaller heating rates. 

Of course an remarkable improvement is achieved when using bigger amounts of a sample. 
A drastic example is given for the low viscous system (Fig. 7, normal pressure isobar) and 
Fig. 8 (172 bar) caused solely by the change of the capillary with the inner diameter of 1 mm 
to one with and inner diameter of 6 mm (requiring however a 36 times bigger sample 
amount). 







40 42 44 46 48 50 52 54 56 58 60 


. Temperature, °C 

Fig. 8. Comparison of experimental scattering Intensity in two different sample holders 
(- : 6 mm,. 1 mm diameter) at ambient pressure. 
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An Experimental Method to Determine the Sorption and Swelling 
Behavior of Solids at High Pressures 

C.A. Lockemann, Th. Riede, and P. Magin 
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Gases interact with solids at high pressures, either by adsorption to crystal surfaces or by 
dissolution into amorphous materials, leading to volume changes. An experimental method to 
study the behavior of solids in the presence of dense gases has been developed. Sorption 
equilibria and solubilities are determined gravimetrically. Diffusion coefficients are derived with 
the help of suitable mass-transfer models. The swelling behavior of the solids is observed 
visually. 


1. INTRODUCTION 

At elevated pressures, gases adsorb to crystalline matrices or dissolve in amorphous solids, 

which they cause to swell. Such behavior is observed in a large variety of materials: 

• In the production of polymer foams, pressurized gas is dissolved in the polymer. As the 
polymer undergoes rapid depressurization, the gas desorbs, forming bubbles which reach 
their final size once concentration of gas in the polymer drops below that of the glass point 
at the given temperature. Optimization of a foaming process requires knowledge of gas 
solubilities and diffusivities as well as of glass points. Diffusivities are required to estimate 
how long it takes to initially saturate the polymer with gas and to explain the distribution of 
gas bubbles in the foam. 

• Certain materials are designed to interact with compressed gases, such as polymers used to 
manufacture pervaporation membranes employed in gas separation processes. The 
efficiency of the separation is strongly affected by the solubilites and the diffusivities of the 
gaseous components in the membrane. In other materials, swelling is considered 
undesirable, such as in fibers or gasket materials exposed to frequent pressure fluctuations, 
where volume changes caused by desorption of gases affect structural and mechanical 
properties. The aim is here to decide which maximum pressures and which frequencies of 
pressurization / depressurization are acceptable to ensure reliable performance of the 
material. 

• Adsorption and desorption at elevated pressures also play an important role in zeolithes 
employed in catalytic conversion of gases. Chemisorption of a gaseous component to a 
reactive surface is a suitable method to determine the surface area of a porous solid. 

• Polymerization frequently is performed in gas-phase reactors at intermediate pressures. The 
role of heterogeneous catalysts and the interaction between reaction kinetics and mass 
transfer can only be understood if sorption effects, solubilities of gases in solids, volume 
changes, and diffusivities at reactor conditions are known. 
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The high relevance of these phenomena to industrial manufacturing processes has generated 
considerable academic interest in swelling and sorption of compressed gases in polymers, 
resulting in numerous publications on laboratory measurements and theoretical modelling. The 
work of Wissinger and Paulaitis [1] ranks among the important papers despite the publication of 
more recent work. Funke [2] launched a detailed investigation into sorption and swelling 
behavior of gases into isotropic membrane polymers and onto zeolithes. By contrast, many of 
the papers reporting experimental testwork do not distinguish between volume (swelling) and 
mass (sorption) effects, nor do they discriminate between isotropic and anisotropic materials 
(which swell unevenly in different directions). Finally, the techniques described in literature 
have generally not been able to describe volumetric properties of particles exposed to 
pressurized gases. 

Because of the wide field of industrial applications, the need exists to develop simple and 
reliable techniques for the characterization of solids behavior in the presence of dense gases. 
From our experience we know that information on sorption equilibria or solubilities of gases in 
solids, on mass-transfer kinetics, and on volume changes are the most relevant in process 
design. We have therefore developed experimental methods to obtain these properties through 
laboratory testwork. 

The purpose of the paper is to discuss possibilities to improve the experimental method and to 
identify aspects which require further investigation. 


2. EXPERIMENTAL 
2.1. Set-up 

The experiments are conducted with the help of the sorption balance shown in Figure 1. The 
sorption balance operates according to the principle developed and described by Losch et al. 
[3]. 


Balance [ 


Vacuum pump 



Sample 


Membrane pump 


Video >fyy High-pressure 
camera view cell 

Figure 1. Experimental set-up. 
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The solid material is placed into a small vial that is introduced into a thermostated high-pressure 
chamber (volume 79 ml). The vial is attached to a suspension device that is magnetically 
coupled to the balance during measurement. The device is lowered to a neutral position when no 
recording of a mass point takes place, thus allowing for the balance to be tared before each 
measurement. This is of particular importance in slow processes in which thermodynamic 
equilibrium is attained only in the course of several hours or even days. The chamber may be 
evacuated with a vacuum pump at the beginning and at the end of each experiment. The dense 
gas is taken from a cylinder and, if necessary, compressed to system pressure with the help of a 
membrane piston pump. 

Tubing connects the chamber and a high-pressure view cell, which is thermostated to the same 
temperature as the chamber. In order to observe swelling behavior, some of the solid material is 
also placed into the view cell. It thus is in contact with the gas at the same pressure and 
temperature as the material in the suspended vial. The interior of the view cell may be observed 
through a video camera. The video images are scanned into a PC and analyzed for changes in 
size. 

The entire system is monitored by PC. Pressure and temperature within the chamber and the 
view cell as well as the weight of the sample are recorded continuously. 

Momentary mass of a sample may be derived from momentary weight only if the density of the 
gas, and thus the buoyancy of the sample, are known. Volumetric data of pure gases are 
calculated from precise equations of state, as they exist for carbon dioxide and other gases, or 
taken from tables. Cubic equations of state are used to calculate densities of gas mixtures. We 
have always employed van-der-Waals mixing rules and fitted the interaction parameter to vapor- 
liquid equilibria determined by ourselves or taken from literature. 

This method is equally suited for toxic or inflammable gases or vapors. 

2.2. Procedure 

The sample is filled into the vial which then is attached to the suspension device. Then the high- 
pressure chamber is firmly closed and heated or cooled to system temperature. More of the 
sample material is placed within the view cell. The apparatus then is evacuated to remove air and 
to obtain a reliable value for initial mass. The thermostated dense gas is charged into the 
chamber and the view cell until system pressure is attained. Pressure build-up only takes a few 
seconds because of the small volume of the chamber. The weight of the sample rises as gas 
dissolves in or is being adsorbed to the sample and assymptotically nears its equilibrium value. 
At the same time, the dissolution of the gas in the solid leads to volume changes, a process 
observed with the sample particles enclosed in the view cell. Their size is recorded with the 
camera and evaluated with the help of a PC. The apparatus is evacuated again at the end of each 
experiment to remove the entire gas. 

2.3. Limitations of the method 

There are several limitations to the method. Determination of sample weight, and thus mass, 
fails when the densities of the solid and the gas become equal. Near the critical point of the gas, 
precise measurements are impossible due to density fluctuations of the gas. It is needless to say 
that no experiments are possible for materials consisting of components that exhibit significant 
solubility in the compressed gas. 

Most limitations, however, concern the investigation of the swelling behavior. Anisotropic 
materials do not swell evenly in all directions. For such solids, several particles must be placed 
randomly in the view cell to ensure that, statistically, every possible orientation is recorded by 
the video system. Even then, the difficulty remains to correctly describe volumetric effects on 
the basis of two-dimensional video images, a problem that will be discussed more thoroughly in 



550 


Chapter 3. The behavior of fine powders is difficult to observe due to the limited resolution of 
the video optics. Analysis of changes in size becomes more difficult for particles of irregular 
shape. Finally, the volumetric changes undergone by porous materials are not generally 
observed, since these changes affect the size of interior pores rather than the outside shape 
which alone is visible to the camera. 


3. THEORETICAL 

3.1. Equilibrium concentration of the gas 

The amount of gas dissolved in or adsorped to the solid is determined from the final weight and 
the final size of the sample. Sample weight is the difference between actual mass and buoyancy. 
Buoyancy in turn is the mass of the gas displaced by the solid, which is the product of gas 
density and sample volume. The volume increase of the sample has to be derived from the two- 
dimensional video image which shows projected areas of the particles in the view cell. Particle 
technology has been dealing extensively with this problem. Conventional wisdom has it that 
particle volume is the same as that of a sphere with an equal projected area; however, this is a 
reasonable assumption only if all of the following three conditions apply: 

• The particles are concave. 

• The particles are not extremely flat or elongated. 

• The number of particles studied is sufficiently large to have particles positioned randomly 
without any preferred orientation. This is to ensure that, statistically, the material is viewed 
from all sides. 


Then, the volume ratio may be approximated by 
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where Mo and M. are the initial mass and the terminal mass of the sample in the pressure 
chamber, Ap ro j,VC is the projected area of the particles in the view cell, pg is the density of the 
gas, and ps,0 is the initial density of the solid material. 


3.2. Mass transfer 

Mass-transfer rates are determined from the changes of mass that the sample undergoes as a 
function of time. Diffusion coefficients are derived from these rates by applying the laws of 
mass-transfer kinetics. 

If the amount of gas absorbed in an experiment is small compared to the overall mass of the 
solid and the particles are roughly spherical, the diffusion coefficient of the gas in the solid is 
described by the following equation: 
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In Equation (3), 8 is the diffusion coefficient, d is the mean diameter of the particles, and M g a( is 
is the amount of gas adsorbed into the solid at time t. The asterisk * refers to thermodynamic 
equilibrium. 


4. RESULTS AND DISCUSSION 
4.1. Experimental results 

The result described in this chapter was obtained for a polymer used to manufacture foams. 

Polymer foams are made by first mixing (molten) polymer and compressed gas at high 
pressures, where the gas dissolves in the polymer. The mixture is then pressed through a die, 
after which it has ambient pressure and cools rapidly. The solubility of the gas in the polymer 
drops sharply, causing the gas to desorb and to form cavities. As temperature drops below the 
glass point of the polymer (which is a function of pressure and thus, gas content), the bubbles 
are "frozen" into the polymer, thereby creating the foam. Specifications commonly require 
foams to contain many small bubbles. At the same time, the polymer should retain a smooth 
surface and its intended shape. 

Pressures and temperatures for such a process must be chosen such that bubbles of the correct 
size and number form. At the same time, conditions must be avoided that cause significant 
changes in polymer structure, such as a high degree of deformation or brittleness. 

The properties of such a foam depend both on the type of polymer and gas used as well as on 
the conditions at which manufacturing takes place. The size of the bubbles depends on 
interfacial tension, but also on the solubility of the gas in the polymer and on diffusivity, both 
which may be determined with the method described in this publication. Diffusivities also play a 
role during initial saturation of the polymer with the gas. 

Fig. 3 shows the solubility of carbon dioxide in a polymer intended to be used in a foaming 
process. 

Gas uptake initially is low. At a pressure of 25 bar, however, the temperature of 40°C at which 
the experiments were performed corresponds to the glass point of the polymer, which at 
ambient pressure is at 100°C. The polymer macromolecules possess the ability to move more 
freely against each other; hence, solubility rises sharply at 25 bar. 

Above 50 bar, the video image clearly exhibits a high degree of deformation of the polymer. 
This structural transformation is reflected by the flattening of the solubility curve: an increase in 
pressure does not lead to a corresponding rise in CO 2 solubility in the polymer. The 
deformation of the polymer at elevated pressures is irreversible even after depressurization. 
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Figure 3. Solubility of carbon dioxide in a polymer at 40°C. 

The testwork reveals that at 40°C the polymer is suitable for foaming at pressures between 25 
and 50 bar. 

Diffusivities of the gas in the polymer at 40°C exhibit a similar behavior. Beyond the pressure 
of 25 bar, the diffusion coefficient rises from 2-10‘10 m^/s to 7 • 10' 10 m^/s. Analysis of mass- 
transfer rates is less precise at elevated pressures because of the increasing difficulty to calculate 
accurate surface areas due to the strong deformation of the polymer. 


4.2. Conclusions 

We have successfully developed a method which allows us to determine the sorption (mass) 
and the swelling (volumetric) behavior of materials exposed to pressurized gases. The 
laboratory technique described in this paper is suitable for a large variety of solids and gases. It 
meets many of the demands of the chemical industry. 

However, there are a few limitations to the method which have been pointed out above. While 
the method is a successful attempt at determining some of the most important aspects of gas- 
solid phase behavior, the design of a complex process requires integrated solutions which 
cannot be found by chemical industry alone. From our point of view, there are two aspects of 
particular importance which should be solved through academic reseach: a) work on techniques 
that overcome the experimental difficulties stated above through precise, albeit technically 
demanding , measurements; and b) models that are useful in determining volumes from two- 
dimensional projections with great precision. 
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Abstract 

High hydrostatic pressure induces changes in protein conformation, 
solvation and enzyme activities via reversible and non-reversible effects on 
intra- and inter-molecular interactions (noncovalent bonds) [1], To have access 
to these structural modifications, spectroscopic investigations are required 
which necessitate special spectroscopic adaptations. Two improvements are 
presented : first for enzyme reactions and second for structural determination. 


1. INTRODUCTION 

A complete study of catalytic reactions involving a succession of very rapid 
different steps, consists of the exploration of the properties of these steps, 
including thermodynamic parameters obtained by the action of temperature 
and pressure. One difficulty in measuring kinetics using spectroscopic 
detection method is the relatively long dead-time of the high-pressure 
techniques. Different devices have been proposed to eliminate sources of errors 
in time and temperature. These techniques include in situ initiation of the 
reaction after the heat of compression has been dissipated. To reduce the dead¬ 
time with respect to the reactions studied, we have combined low temperature 
which decreases reaction velocities according to the Arrhenius expression, 
with the stopped-flow method which provides the rapid mixing of two 
compounds. 

The second recent spectroscopic improvement is second and fourth 
derivative spectroscopies in the ultraviolet region of proteins. Derivative 
spectroscopy is a new tool for analyzing the effects of pressure on proteins. It 
permits one to enhance selectively spectral changes due to the UV absorbance 
of phenylalanine, tyrosine and tryptophan. The solvent polarity affects the 
amplitude, the position and the shape of the second and fourth derivative 
spectral bands. 


2. THE HIGH PRESSURE STOPPED-FLOW APPARATUS 

The relatively long dead-time of high-pressure techniques using 
spectroscopic detection is the first important limitation to exploiting enzyme 
kinetics. If the system under study can be characterized via optical detection 
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(absorbancy, fluorescence), the stopped-flow method is easily used. The second 
limitation deals with the temperature control which must be efficient to 
compensate the heat of compression. To solve these problems, devices were 
designed to mix samples under high pressure, at controlled temperatures. The 
first apparatus was described by Grieger and Eckert and modified by Sasaki et 
al.. Both systems were thermostated and used the breakage of a foil diaphragm 
for the mixing of two components. After different improvements, the 
Heremans’ group described a stopped-flow apparatus designed for 
spectroscopic detections of fast reactions at pressures up to 120 MPa by means 
of immersing a stopped-flow unit in a high-pressure bomb. Since the, other 
high-pressure stopped-flow devices have been described [2]. 

To reduce the dead-time with respect to the reactions studied, we have 
developped an apparatus which permits rapid mixing. The high pressure 
stopped-flow system functions at low temperature thereby slowing reaction 
velocities according to the Arrhenius equation. The design of our instrument 
incorporates certain features of previous stopped-flow systems described for 
cryoenzymological studies and for investigations under high-pressure. The 
general design, already published [3,4], consists of a powerful pneumatic 
system driving the syringe mechanism, two vertical drive syringes containing 
the samples to be mixed, a mixing chamber, an observation chamber with 
quartz windows, and a waste syringe. Both temperature and pressure 
homogeneities are maintained by housing the whole apparatus in a high- 
pressure thermostated bomb. The stopped-flow apparatus can operate in 
absorbance or fluorescence mode over temperature and pressure ranges of + 40 
to - 35 0 C and of 1 to 300 MPa, respectively. The system is mounted either on an 
Aminco DW2 spectrophotometer or on a spectrofluorometer specially designed 
in the laboratory (wavelength limits : 230 - 650 nm). The dead-time, nearly 
independent of pressure, is less than 5 ms using aqueous solutions at room 
temperature. 

Using this device, different biological systems have been examined allowing 
the development of cryobaroenzymatic studies [1, 5]. 


3. DERIVATIVE SPECTROSCOPY METHODS 

The main problems for a protein chemist or enzymologist who wishes to 
study the effects of pressure on a protein are a) to observe and quantitate the 
effects and b) to interpret them. The majority of proteins do not contain easily 
studied chromophores but they do contain substantial amounts of the aromatic 
amino acids, tryptophan and tyrosine. These amino acids are characterized by 
strong but overlapping absorption bands in the ultraviolet. A protein that 
contains five to ten of each of the aromatics presents a spectrum that is a 
composite of the contributions of each. A change in a protein, such as a 
conformational change, dissociation, or denaturation, may result in a change 
in the environment of one or more of these residues. However, the UV 
spectrum of a protein is broad and featureless; the changes of interest are 
masked by the contributions from all the other aromatics whose environment 
has not changed. 
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3.1 Second derivative spectroscopy 

Second derivative spectroscopy is a means to extract information from the 
spectrum. In contrast to the relatively featureless UV spectra, the second 
derivatives of UV spectra are characterized by 2 sharp peaks and troughs [6,7]. 
Figure 1 shows the ultraviolet spectra of yeast enolase at 0.28 and 200 MPa and 
Figure 2 shows the second derivative of those spectra. 



Figure 1. UVspectra of yeast enolase 
at 0.28 and 200 MPa 



Figure 2. Second derivative of the 
UV spectra 


Ragone [7] has determined the effects of solvent polarity on the second 
derivative spectra of model compounds. For both tyrosine and tryptophan, as 
the solvent polarity goes from non-polar (as when the residue is buried inside a 
protein) to polar (exposed to solvent), the peak and trough positions shift to the 
blue (shorter wavelengths). There are also changes in amplitude, which are 
best described by calculating the ratio (r = a/b) of the two peak-to-trough values 
marked in Figure 2 [6,7]. For tyrosine, the value of r decreases as solvent 
polarity decreases, while the value of r for tryptophan is almost independent of 
solvent polarity. Thus, in the second derivative spectrum of a protein, the ratio 
of the peak to trough values and the positions of the peaks and troughs are a 
function of the relative amounts of the two amino acids and of the average 
polarity of the environments of the tyrosines as well as that of the tryptophans. 
For the protein shown in Figure 2, increasing pressure from 0.28 to 200 MPa 
has decreased the average polarity around the tryosine residues, while not 
changing the environment around the tryptophan residues. 

Extracting the physical meaning of the changes in second derivative 
spectra relies on knowing the amino acid composition of the protein and using 
the constituent spectra to simulate the observed spectra. Simulations were 
performed by combining the second derivative spectra of tyrosine- and trypto- 
phan-ethylester in solvents of various dielectric constants, in a molar ratio of 9 
tyr to 5 trp (that of enolase). Figure 3 shows the observed spectra of native 
(dimeric) yeast enolase and that of tyr in water and trp in 100 and 50 % ethanol. 
The simulations produce average values for changes in polarity. When an X- 
ray structure is also available, it may be possible to assign the changes in 
polarity to changes in the environment of specific tyrosines or tryptophans. 
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Figure 3. Simulated spectra of enolase. Figure 4. X-ray structure of enolase 
(—) native enolase ; a) tyr in water and 
trp in 100 % ethanol, b) tyr in water and 
trp in 50 % ethanol 



Pressure has previously been shown to dissociate the enolase dimer into 
monomers [8] ; the pressure range in which this occurs is the same as that in 
which we observe changes in the second derivative spectra. Dissociation is 
accompanied by a net hydration of the surface buried at the subunit interface. 

The second derivative results indicate that the average tyrosine polarity 
decreases, the opposite of what one would expect if hydration is occurring. 
Using the X-ray structure (Figure 4) [9], we can resolve this apparent 
contradiction [10]. In the dimeric form, there is a water-filled cleft between the 
two monomers. Two tyrosines from each monomer point into this cleft. As 
dissociation occurs, these tyrosines go from a region in which they are exposed 
to relatively rigid waters - ergo fixed dipoles - to one in which they are exposed 
to bulk water. The net change is a decrease in polarity that accompanies a net 
increase in hydration. 

The use of second derivative spectroscopy allows us to observe the effects of 
pressure on this enzyme, to quantitate the changes occuring (we can use the 
values of r to calculate Keq as a function of pressure and hence AG and AV for 
dissociation) and to interpret those changes in terms of the known structure of 
the enzyme. Second derivative spectroscopy has both advantages and 
disadvantages vis-a-vis fourth derivative spectroscopy. With second derivatives, 
one uses the ratio of the amplitudes, which is independent of the absolute 
absorbance. Therefore, one does not have to correct the spectra for compression 
effects and can easily compare samples studied at different times. The 
changes, however, are dominated by the contributions of tyrosines and provide 
much less information about the tryptophan residues. 
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3.2 Fourth derivative spectroscopy 

The selective resolution enhancement in derivative spectroscopy is pushed 
even further in the fourth derivative mode. As in the case of second derivative 
spectroscopy, the amplitude and the position of the derivative spectral bands of 
the aromatic amino acids are related to the polarity of the medium. We have 
undertaken a systematic investigation of these spectral features of the N-acetyl 
O-ethyl esters of tyrosine and tryptophan in various solvents of different polarity 
(from cyclohexane to water). Astonishingly, a simple relationship between the 
spectral parameters of the fourth derivatives and the dielectric constant was 
found [11]. As shown in Figure 5, for tyrosine it is the position of ^. max , and for 
tryptophan it is the derivative amplitude which depends linearly on the 
dielectric constant e r . Since in addition the fourth derivative spectra of these 
model compounds do not depend significantly on pressure (at least up to 500 
MPa), these spectral features may be used as an intrinsic probe to sense the 
dielectric constant in the vicinity of tyrosine and tryptophan. 

288 
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a 

e 

-< 284 
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0 20 40 60 80 0 20 40 60 80 
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Figure 5. Relation between amplitude and of the 4th derivative spectra of 
tyrosine and tryptophan on the dielectric constant e r . 

A good example of application is given by the protein structural changes of 
bovine ribonuclease A in the course of its denaturation by pressure. The UV 
spectrum of RNase is dominated by the absorbance of tyrosine - this RNase does 
not contain tryptophan. As shown in Figure 6, an increase of pressure from 1 
to 500 MPa results in a blue-shift of the 4th derivative maximum from 285.7 ± 
0.05 to 283.5 ± 0.05 nm. This shift of 2.2 nm corresponds to an increase of the 
mean dielectric constant from 25 to 59. It is characteristic of the exposure to the 
aqueous solvent of part of the 6 tyrosines, as it is expected for a partly 
denaturation. The transition is fully reversible with clear isosbestic points. The 
pressure effect can therefore be described by a simple two-state model between 
the native (e,. = 25) and the partially denatured (Ej. = 59) state. A simulation on 
the basis of this model permitted us to determine the thermodynamic parame¬ 
ters of this transition: AG° = 10.3 kJ/mol and AV = - 52 ml/mol. A comparison 
with results obtained by other methods indicates that the (e,. = 59) state 
corresponds to an intermediate in the defolding process which has molten 
globule like characteristics [12]. It thus appears that fourth derivative 
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spectroscopy under high pressure is a suitable technique to investigate protein 
structural changes occurring during the folding or defolding processes. 



wavelength, nm 

Figure 6. Effect of pressure on the fourth derivative spectra of RNase A at pH2. 
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ABSTRACT 

A flame in supercritical water was first observed and studied by Franck et al. at the 
University of Karlsruhe [1, 2], The aim of the presented work was to investigate flame 
reactions in stationary conditions and to develop a new high pressure combustion cell (100 
MPa) designed by combining a numerical code for reacting flow field simulation and 
modelling of infrared radiation emitted by a hot reaction zone. The simulation of the reactive 
flow field, taking into account fluid properties at high pressures, allowed optimised reactor 
geometry and combustion conditions. The modelling of the emitted radiation from the 
reaction zone allows prediction of radiative energy transfer and detectable signals. A 
description of the two used computer codes will be given in the paper to demonstrate their use 
as a constructive tool in high pressure applications and the complete set-up of the supercritical 
water plant is presented. For flame studies, the application of non-intrusive optical diagnostics 
like spectroscopy [3,4] or digital frame analysis is necessary, therefore, the reaction chamber 
has been equipped with six sapphire windows, allowing simultaneously the detection of 
different signals. 


1. INTRODUCTION 

Supercritical water exhibits interesting effects above the critical point at 374 °C and 22.1 
MPa. The dielectric constant decreases drastically from 80 to lower than 5 [5], Water under 
supercritical conditions behaves like a perfect organic solvent. Organic substances form a 
homogeneous mixture, inorganic substances precipitate and gases like O 2 , N 2 , CO 2 and H 2 
are completely dissolved. It is possible to degrade organic materials in supercritical water by 
hydrolysis or oxidation processes [6,7], A mixture of water, oxidiser and some organic 
materials should produce pure carbon dioxide and water. Inorganics precipitate. 

The objective is to provide a waste disposal technology with the high pressure combustion 
in supercritical water which does not burden air and water with harmful effluents. The quality 
of this technology is that the wastes are completely mineralised to C0 2 , water and salts. The 
products like CO, S0 2 , NO x , dioxins, arsenic, mercury, etc., typical for incineration, are 
avoided only harmless end-products remain. 
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2. NUMERICAL FLOW SIMULATION 


The modelling of super critical water oxidation (SCWO), up to now not been used in large 
scale industrial applications, is important for design of pilot plants and, later, industrial plants. 
The applied programme to model the continuous flow in a reactor is called CAST (Computer 
Aided Simulation of Turbulent Flows [8]) and is based on the method of the finite volume. 
That means that the balance equations were integrated over the surfaces of each control 
volume. 

CAST, a two-dimensional FEM computer code solves the mass-balance equation, the 
Navier-Stokes-equations which result from the momentum balance for flows with friction and 
the energy balance in each control volume of the calculation grid. All equations can be written 
in a general form [9]: 



local 
variation 
with the 
time 


convection 


diffusion 


( 1 ) 


CAST allows two dimensional calculation of laminar or turbulent flows with heat transfer 
at low Mach numbers. 

To use the code for modelling a high pressure combustion chamber at supercritical 
conditions several changes had to be done: 

In the transport equation for the x-component of the velocity u the force of the buoyancy is 

f a =-[p( x >y)- p K ,)-g- v (2) 


added to the source term. 

Two additional transport equations had to be solved 

djpY,) + d{pu i Y i ) _ d 
dt dxj dxj 


Sc dx: 


+ S i 


(3) 


A combustion model for gaseous fuels based on the ratio of components was implemented 
assuming that all fluids which are mixed are also combusted [10]. The hypothesis is that 
mixing of reaction partners by diffusion is much slower than reaction kinetics. To calculate 
increasing of temperature during oxidation the global reaction 

Fuel + Oxidiser = Product 


is presumed. The temperature field is calculated by the following steps, which were repeated 
during the iterative calculation: 

1.) solving of the transport equation for the ratio of components: 
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djpUjf) = d ( j-L a/" 
dxj dxj v Sc dxj > 


(4) 


2 .) 

3.) 


r f = 


calculation of the fuel concentration from the distribution of the ratio of components 
estimation of the reaction rate r f 

d(p UjY f ) g ( n dYA 

dxj dxj Vi Sc dxj , 


4. ) solving the momentum equation and pressure correction 

5. ) evaluation of the temperature equation: 


d(pu i T) 


d Xi 


dx 


\^dT_ 
Pr dx J 


+ 


r f H u 

c p (T) 


( 6 ) 


with H u as the heating value of the fuel. 

Variable material constants (p, Sc, c p ) for water, fuel, oxidiser and reaction products were 
included. Density, Schmidt-Number and specific heat capacity are calculated at all points of 
the calculation grid depending on local temperature and pressure inside the reactor. The 
Schmidt-Number is a value for the diffusive mass transfer from methanol in water. 

To improve the convergation ratio of the calculations a modified pressure correction 
algorithm and changed calculation of velocities on the boundaries were implemented. 

The calculated temperature and velocity distribution of a methanol flame in supercitical 
water at 50 MPa and 500°C is shown in Figure 1. 



Fig.: 1 Calculated temperature and velocity Fig. 2: Density with and without mixing rules 
distribution 
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3. EXCESS VOLUMES 

A PVT-data-code was generated to calculate phase equilibria, critical curves and 
thermodynamic excess quantities of quaternary systems. The program uses the Christoforakis- 
Franck-equation of state [11] 




(7) 


This equation bases on the Camahan-Starling-One-Fluid Model for the repulsion term and 
the Square-Well-Pade-approximant for the attraction term. 

Methanol as fuel, oxygen and water were chosen to get the needed basic data. Figure 2 
shows the density of a mixture of 75% Water, 15% oxygen and 10% methanol at 30 MPa and 
50 MPa. There are two possibilities to calculate the density of a mixture. One is to add the 
volumes of the different substances weighted with their concentrations, the other is to 
calculate the excess volumina by mixing rules and correct the density. Figure 2 shows, that at 
temperatures above 900 K there is no difference between the density calculated with and 
without the mixing rules. So in case of high pressure combustion, calculation can be done 
without excess volume. 


4. MODELLING OF IR RADIATION 

Spectroscopy in supercritical water is limited by high pressure, strong gradients and the 
strong absorbent medium. Nevertheless there have been efforts to investigate combustion 
processes of hydrocarbons under these conditions. Transmission and emission spectroscopy of 
the OH radical in the UV have been used to determine rotational temperatures, but the 
resulting values are unusually high and questionable [3]. Laserspectroscopic methods have 
failed because of strong temperature and density gradients. NIR/lR-spectroscopy has not been 
considered up to now, as water has numerous bands in this region. But hydrocarbons and their 
combustion product C0 2 have only bands in the infrared. 



*ev«*ength r pm wavelength n jjm 

Fig. 3a: Transmissivity of water (50 MPa, 500 K and more, optical pathlength 35 mm); 

Fig. 3b: Comparison of two calculated transmission spectra at 50 MPa, 35 mm optical 
pathlength and a temperature profde of 5 mm at 500 K /1000 K /1500 K /1000 K / 500 K of 
pure water and water with 5 % carbondioxide 
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Fig. 4: left: high pressure combustion cell with sapphire windows and a ceramic inlay at 
the end of the combustion area; 
right: combustion chamber with the fuel and oxidiser nozzle 

The following theoretical calculations have been done in order to estimate possibilities of 
spectroscopy in the infrared despite the numerous bands of water. Using a band modelling 
program based on experimental data of the NASA [12], transmissivity of water has been 
calculated at 50 MPa, > 500 K and an optical pathlength of 35 mm (reactor conditions). As 
sapphire (A1 2 0 3 ) windows are used in experiment, only their transmissive region up to 5.5 pm 
have been regarded. Figure 3a shows that there are only some narrow regions remaining (1 - 
1.3 pm, 1.6 - 1.7 pm, 2.1 - 2.25 pm and 3.7 - 4.3 pm), which will transmit infrared light. 

Concluding these calculations, NIR/IR-spectroscopy can obtain following results for 
supercritical water combustion: 

• estimation of temperature in reaction zone by fitting experimental transmission or emission 
spectra to theoretical calculations; 

• detection of hydrocarbons on account of a narrowed transmission window at 3.7 pm caused 
by the CH-stretch vibration band about 3.3 pm; 

• detection of carbondioxide on account of a narrowed transmission window at 4.3 pm 
caused by the C0 2 band at 4.3 pm (see Fig. 3b). 

5. SET UP OF THE CONTINUOUS SCWO FACILITY 

The facility allows to feed two liquid and one gaseous stream separately controlled in a 
reactor. The fluids are pressurized by two membrane pumps for water and fuel and one 
compressor for oxygen. The maximum mass-flows are 5 1/h for water and 2 1/h for the fuel. 
The compressor allows overstoichiometric oxygen concentrations under all conditions. 
Behind the pumps pulsdampers were installed so that the fluidstreams are free from 
pulsations. The fluidstreams can be heated electrically so the mass flow and the temperature 
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of each component can be selected independently. The reaction products are cooled down in a 
condenser in two steps. The first cooling section is supplied by air, the second by water. So 
the thermostress in the wall of the high pressure pipe is low enough. For the hot areas of the 
facility 1/4“ high pressure tubes made of inconell 625 were used. 
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Required Fuel Contents for Sewage Disposal by Means of Supercritical Wet 
Oxidation (SCWO) in a Pilot Plant Containing a Wall Cooled Hydrothermal 
Burner (WCHB) 


Markus Weber and Christian Trepp 

Institut fiir Verfahrens- und Kaltetechnik, Eidgenossische Technische Hochschule Zurich 
CH - 8092 Zurich Switzerland 


SUMMARY 

For toxic and hazardous waste water to be disposed, in some cases Supercritical Wet Oxida¬ 
tion (SCWO) appears to be a suitable process. Due to corrosion and possible plugging in the 
pressurised reaction vessels its industrial application is hardly realised. A reactor containing a 
Wall Cooled Hydrothermal Burner (WCHB) needn't be entered by preheated feedstreams and 
hence alleviates the two main problems mentioned above (La Roche et al. [1]). The 
economic viability of an industrial plant with this kind of configuration will strongly depend 
on the minimum fuel mass fraction that is required to keep the oxidation in the thermal regime 
of a flame. In this paper an attempt was made to find a theoretical background for both the 
location in a relation inlet temperature vs. fuel mass fraction and the shape of extinction lines. 
The aim was to verify one extinction line given from measurements with one specific kind of 
fuel without varying the geometric parameters of the burner. It was found that the application 
of a Three-Environment Model (3EM) can lead to reasonable results if the 3EM is extended 
by taking into account an enthalpy term. As a result, a list of ideas to reduce the fuel 
consumption, as well as a lower limit, could be found. In addition, the calculated extinction 
lines will help in comparisons and explanations of future experimental measurements. 


1. PROBLEM 

The work presented here takes as its starting point the need of disposal processes for 
organically contaminated waste water containing non-biodegradable substances or requiring a 
particularly high reaction efficiency. 

1.1 Significance and Principles of Supercritical Wet Oxidation (SCWO) 

Mixtures of water (main component), organic substances and gases such as O 2 or CO 2 are 
multiphase systems under normal conditions. Pressures above 221 bar and temperatures 
higher than 374 °C generally provide single-phase behaviour and facilitate very fast oxidation 
reactions. These advantages led to the attempt to turn SCWO into a commercially available 
industrial process for sewage disposal especially in the case of hazardous waste. 

Although in laboratory experiments excellent results had been shown concerning reaction 
velocities, the completeness of the reactions and the harmlessness of the products, two 
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drawbacks seem to be inevitable. Due to the strong decrease of the ion product of water in the 
range of 400 °C (at 250 bar) two severe technical problems arise whenever the waste water 
and hot parts of the containment stand in direct contact. One of these drawbacks is the 
corrosion of the load-bearing vessel walls the other one being the plugging of the reaction 
vessel due to precipitant solids, especially salts. 


1.2 SCWO bench-scale plant containing a Wall Cooled Hydrothermal Burner (WCHB) 


In a bench-scale plant located in our laboratory containing a WCHB, the degradation reactions 
of the organic components of the waste water take place in the thermal regime of a flame. A 
flame typically provides heat transfer from the hot products to the cold educts not through 
fixed walls, but by conduction, radiation and (if radiation and conduction are too weak) 
turbulent mixing through the flow field. Therefore the flame regime can be established even if 
the preheating of the feed streams is reduced or absent. 

Figure 1 shows the bottom part of the reaction vessel used in this work in a longitudinal 
section. It can be seen that the waste water (artificial) was fed through the core pipe, high 
pressure oxygen was supplied in the inner annular flow and the cooling stream entered the 
vessel through the outer annular flow. The distance between the edges of the core tube and of 
the coaxial tube was about 40 mm. This section has to be considered as wall cooled and is the 
stabilisation zone, while above the edge of the coaxial tube the far more efficient film cooling 
takes place. 



Hydrothermal Flame_ 


High-Pressure 
"Window 018 

Cooling Water 
21 g/s 

HP Oxygen 
1,1 g/s 


artificial WasteWater 
2.2 g/s 


Cooling 

Water 



Figure 1 Longitudinal section through the bottom part of the high-pressure vessel used 
in this work (p=250 bar) with indication of all feed streams (representative values) and all 
locations of thermocouples. 


1.3 Selection of only one aspect in the renewed evaluating of the SCWO Process 

In comparison to the well known results achieved in plug flow systems, the flame regime 
causes a number of differences: corrosion and plugging are markedly alleviated and accept¬ 
able decomposition efficiencies aren't achieved except in special cases, whereby the process 
cost increases to a considerable extent. Amongst the several components contributing to the 
overall process cost, the required fuel mass fraction of the waste water (more exactly: the 
overall heating value of the mixture of water and fuel) would appear to be the most important 


one. 
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2. MEASUREMENTS 

A first series of experiments showed that the required fuel content of the waste water depends 
strongly upon the inlet temperature and the geometry of the burner, while mass flow rate and 
excess oxygen are of smaller importance. 

With regard to the following theoretical analysis that had to be carried out in order to allow a 
sound interpretation of the results, experiments varying only the inlet temperature and the fuel 
content seemed to be most suitable and easy to perform. As a consequence, an extinction line 
was recorded. All experiments were performed in a burner with a configuration according to 
fig. 1 and with methanol as fuel. 

2.1 The draw-up of an extinction line, experimental procedure 

After ignition (fuel mass fraction WFuei.i = 16.5%, temperature at the outlet of the preheater 

50.1 = 580 °C) the mass fraction of methanol was set to the desired amount by switching a 
three-way tap. At the same time, the outlet temperature of the preheater was decreased 
gradually. At the moment the flame was extinguished, the characteristic temperatures of the 
last operating point before extinction were recorded. This procedure was repeated once or 
twice for every fuel mass fraction in order to estimate the accuracy of the results. Different 
extinction temperatures for one fuel mass fraction were mostly in the range of 10°C. A series 
of extinction points (w Fu d,i ranging from 4% to 25%) resulted in a so-called extinction line. 

2.2 Experimental results 

The extinction temperatures depend strongly on the fuel quality. Fig. 2 shows that they vary 
between 550°C (or even higher) related to 4% mass fraction of CH 3 OH and values equal to or 
lower than 100°C when 25% methanol was used. The lines for different locations of the 
temperature measurements intersect. This intersection is due the heat transfer that takes place 
in the narrow area around the core tube tip. This fact will be examined further. 
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Figure 2 Extinction line: extinction temperature as a function of fuel mass fraction. 
Results of experimental work with a reaction vessel and a burner configuration shown in fig. 1 
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3. APPLICATION OF A „THREE-ENVIRONMENT MODEL" (3EM) 

The „Three-Environment Model" (3EM) presented by Rjtchie and TOBGY [2] is based on the 
„Two-Environment Model" from Ng and RlPPlN [3] and will be extended in this work by the 
introduction of an enthalpy term. It belongs to the group of Lagrangian models for the 
theoretical description of combined turbulent flow, mixing and chemical reaction. Most of the 
formulas are developed from the viewpoint of a moving observer and therefore belong to the 
age a of a particle fraction, to its residual lifetime X and to the Residence Time Distribution 
(RTD) in a vessel. The biggest drawback of the 3EM is its weak or even missing reference to 
the Eulerian system. 

3.1 Standard definitions and enthalpy extension 

The model is based on the definitions of “macromixing" and “micromixing" as its 
counterpart. In a reaction vessel the degree of macromixing is completely described by the 
RTD E(t). Micromixing is characterised by the introduction of two boundary states: 
“Complete Segregation" (CS) and its opposite, “Maximum Mixedness" (MM). The inner 
volume of a reaction vessel with two separate inlet streams and one outlet stream is divided 
into three parts: two “Entering Environments" (E.E.i and E.E. 2 ) and one “Leaving 
Environment" (L.E.). A state of micromixing is assigned to every part or subregion. 

residual 



Figure 3 Subdivision of the inner region of a reaction vessel in three regions. Each is 
characterised by one of the boundary states of micromixing. CS is assigned to the two 
Entering Environments (E.E.i and E.E. 2 ) where no chemical reaction can take place. MM 
prevails in the Leaving Environment (L.E.) and makes chemical reactions possible. 

According to the state of micromixing in the E.E.'s, which is CS, all particles in each E.E. are 
classified with respect to their age a. As MM prevails in the L.E., all particles in it are 
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assigned to classes of the same residual lifetime X. Due to the fact that the L.E. is the only 
region where a chemical reaction can take place, all following formulas and considerations are 
orientated to the parameter X. As shown in [2], the total mass of the ith feed stream mi in the 
reactor and its fractions that belong to the ith e.E. or to the L.E. respectively, are expressed by 
equations (2a-d) based on the substitutions (la-d). In these equations E,(t) is the RTD of the 
ith feedstream. 


00 

I;W= IE, 


o 


(a + A.)da 
HIiM= Jg(cx) •Ej(a + X)da 


IIi(X)= J(1 - G(a)) • E j (a + A.)da (la,b) 

0 

IVj (X) = Ig(a) • E; (a + A.)da (lc,d) 

o 


The function G(a) describes the age dependent fraction of the mass in the reactor that remains 
in the E.E. g(a) is its negative first derivative with respect to a. 


mass fraction in the E.E., with life expectation A—>>,+dA. dMj E E (A.) = hij • III; (A.)dA. (2a) 
mass fraction in the L.E.with life expectation X— ►A.+dA. + |dM i , L . E .(X) = m i -II i (X)dx|(2b) 

total mass in the reactor with life expectation X—>X+dX dMj (X) = rhj ■ I j (A)dA. (2c) 

mass flow rate from E.E.i to the L.E. dm; E.E.->L.eW = • IVj (A.)dA (2d) 

Applying an irreversible decomposition reaction of ath order in the fuel concentration, of bjth 
order in the concentration of the educt j and of Arrhenius type as is given by eq. (3) 

Ea 

-Fuel+XvjEdj = XvjPrdj « = A p • e RT ^> • c| uel • . (3) 


we obtain a mass balance equation for each species valid for a small volume element of width 
dA.. As an example equation (4) represents the balance equation of the fuel. 


dw Fuel,L.E. dc Fuel TfiFuel X ltl i IV i(^)' ( w Fuel,i,0 ~ w Fuel,L.E.) 


dX 


ft Pl.e.W 


XhtilljCA.) 


(4) 


Numerical integration of equation (4) commences from a suitably large value of X with the 
initial condition WF U ei,L.E.(A^)=0 and finishes at the outlet where A.=0 to give the total 
conversion (p tot that is shown in eq. (5). 


9 tot — 


I>iHj(0) 

I>i 


( w Fuel,0~ w Fuel,L,E.(^-°)) 
w Fuel.O 


(5) 


On the right hand side of equation (4) a convective term and a kinetic term compete with each 
other. As the reaction temperature TR eact decreases, the total conversion cp tot breaks down from 
its maximum value to the lowest value possible. This break-down of the conversion is 
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considered as a theoretical equivalent of the physical event of extinction. While keeping the 
fuel mass fraction of the feed streams and all other fluid dynamic conditions constant, 
changing the reactor inlet temperature, e. lowering it, starting from high values, may cause 
extinction. Hence, to each fuel mass fraction an inlet temperature is assigned, at which 
extinction occurs. Computing a number of examples with different fuel mass fractions results 
in one theoretical extinction line. 

The only temperature that influences the kinetic term (excluding density effects) is the 
reaction temperature. TR eact is essentially a function of an average inlet temperature and of an 
average fuel mass fraction. A number of simplifications (Weber [4]) yield equation (6). 


'React 


= T, 


Flame, ad 


w Fuel AH R 
— ^in + - 


( 6 ) 


Among the assumptions that led to the equation above - TR eac t is equal to the adiabatic flame 
temperature, conversion is 100% and reference enthalpy is equal to the specific enthalpy of 
the feed streams - the last one represented by equation (7) seems to be the most questionable 
one. 

1il.eA) = hi„ (7) 

If we take into consideration that a cold droplet being in a hot ambient is, for a short time, able 
to store a relatively large amount of energy while it is being heated and dissolved, we have to 
revise the right hand side of equation (7) with an expression that contains a Lewis number. 


hL.E.(k) - hj„ - (Le3FM(7)-1 )■ Aho (8) 

In equation (8) the specific Lewis number Le 3EM is the ratio of two integral expressions whose 
substitutions are explained in equations (lb) and (10) respectively. While 11(A) in eq. (lb) 
contains the undissolved mass fraction G(a) the function K(a) represents the age dependent 
increase of specific enthalpy in a droplet (9). We assume that the transition from the E.E.s to 
the L.E. takes place due to the attainment of a transition temperature frirans, which itself is 
similar to the vaporisation temperature of subcritical liquids. Hence the enthalpy increase is 
divided by the greatest possible enthalpy gap Aho- 


h E . E .(a) = hi„ + K(a)-Aho, 


where 0 < K(a) < 1 


and 


5K(<x) „ 

——->0 


Aho = h( 9 Trans) - h(9 in ) 


V(A) = JfC(a) • E(a + A)da 

0 


=> Le 


3 EM 


= 1 + 


M 

11(A) 


(9) 

( 10 ) 

(ID 


The functions G(a) and K(a) are dependent and determined by a separate droplet dissolution 
model. Once calculated they are part of the 3EM where they prescribe the mass fractions in 
the E.E.s and in the L.E. as well as the enthalpy that is relevant to the calculation of the 
reaction temperature. 
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3.2 Results of calculations on the basis of one selected example 


As described elsewhere (Weber [4]) the dissolution model for a cold droplet being heated in a 
hot ambient at supercritical conditions is based on a number of severe simplifications. Most of 
the approaches and ideas are given by Beer [5]. The droplet is heated by the energy flux 
towards its core while it loses the molecules at its surface as soon as they have reached or 
exceeded 9 Trans . Therefore, the assumption of a Nusselt law for the heating and the 
introduction of a transition criterion lead to both the mass and the overall enthalpy of a droplet 
as a function of its age a. Figure 4 shows how mass, over all energy, average enthalpy and 
emitted mass flow of a droplet progress with a. 




Figure 4 Normalised mass G(a), energy H(a), average enthalpy increase K(a) and 
transition mass flux g(a) of a droplet for the cases of: (a) enthalpy improved 3EM and (b) for 
standard 3EM. Ambient temperature S F iame = 900°C, initial temperature S 1i0 = 270°C, 
transition temperature 3 Tr an S = 420 °C, initial droplet diameter d 10 = 400mm, Nusselt number = 
18 and amplification factor of the heat conduction coefficient due to internal forced 
convection keff/k mo i ec = 2.72 (Beer [5]), residence time x=30 ms. 

Assuming that the RTD is equal to that of 5 ISTR in series and that Ti=T2=30ms and applying 
equations (la-d) and (10) the functions G(a), g(a) and K(a) computed above yield the 
integral expressions I to V so that with equation (9) the Lewis number can be calculated as a 
function of the residual lifetime. 




Figure 5 Characteristic functions of the residual lifetime X. Comparison of the improved 
3EM (a) and the standard 3EM (b). 
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The integration of equation (4) with use of the characteristic values developed in the section 
above and shown in fig. 5 gives us two examples of a theoretic extinction line. One for the 
standard 3EM (b) and one for the improved one (a). 


The most distinctiv difference between them is their slope for temperatures below S Trans . 
Above Sirens they are identical. 



Fig. 6 Comparison of two different theoretical extinction lines with measurements carried out 
in a reaction vessel shown in fig.1. Kinetic data for eq. 3 are taken from Tester et al. [6]; 

Ap = 1.58-10 26 , E a = 408.8 kJ/mol, a = 1.0, bo 2 = 0.0 


Based on the considerations and equations developed in previous sections further 
simplifications (WEBER [4]) lead to the differential equations (12a) and (12b). 

In terms of the adiabatic flame temperature that can be achieved with given inlet temperatures 
and fuel mass fractions, Tn.ad, eq. (12b) represents isotherms, lines of constant flame tempera¬ 
ture. A proper interpretation of eq. (12a) may be as follows: Solutions of eq. (12a) are lines of 
constant flame temperature taking the energy loss from the L.E. to the E.E.'s into account. 
From fig. 6 it can be seen that the extinction line of the enhanced 3EM is a solution of the 
equation (12b) as well as the one according to the standard 3EM, is a solution of equation 
(12a). 

~d&in 1 AHr 

T ~ ^ l ^in^Trans > ^ ^in^^Trans • (12b) (12a.) 

extinct Le3EM C P 


in 

dw Fuel 


ah r 

Cp 


‘extinct 


(12b) 
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4. ANALYSIS OF THE RESULTS AND DISCUSSION 

On the one hand the positive correlation between theoretical and experimental results shown 
in fig. 6 encourages the acceptance of the enthalpy improved 3EM presented in this work as 
suitable for theoretical analysis and evaluation of future SCWO plants. While, on the other 
hand, the large number of simplifications might give cause to rigorous investigations and 
could be the target of severe criticism. 

4.1 To what consequences the results may lead 

For the reactor inlet temperature to be markedly below 100°C (which avoids the corrosion and 
plugging problems ), fuel mass fractions equivalent to 25% CFLOH seem to be necessary for 
the thermal regime of a flame. This value is supported by experiments as well as it is by 
theory. In a future configuration it can be lowered if the following improvements in 
comparison to the presented bench-scale reactor are achieved: 

• Mass transfer from the cold droplets into the reacting hot ambient (from the E.E.s to the 
L.E.) must be made as easily possible as heat transfer is. If Le 3 EM is minimised (Le 3 EM = l) 
the slope of the extinction line is steepest and hence the fuel content in terms of mass 
fraction of methanol can be as low as 17%. 

• Roughly, an increase of residence time x by a factor of ten, results in a decrease of fuel 
content of l%+2% provided that all fluid dynamic conditions are kept constant. 

• In addition, minimising the heat loss over the whole stabilisation zone results in a 
displacement of the extinction line in the left direction (towards lower fuel mass fractions). 
Since cooling causes the heat loss to be minimised, cooling efficiency opposes flame 
stability. 

• The choice of a more suitable kind of fuel might bring an improvement, but because 
essentially kinetic behaviour is affected, it cannot be predicted quantitatively .Of course, 
excellent miscibility of water and fuel even at low temperatures (<100 °C) is an advantage 
and improves flame stability. 

4.2 Criticism made to the enthalpy enhanced Three-environment model 

The results of the calculations might be in doubt as long as the numerous weaknesses of the 
model used here aren't removed. 

• Different parts of the model have to be connected in a manner that allows for all mutual 
influences. 

• The calculation of all physical properties and of the reaction temperature has to be related 
to an accurate equation of state in respect to the exact calculations of the reaction 
equilibrium, so that a connection to the Eulerian system will eventually be made, at least by 
the interdependence of average density, residence time and the volume of the reactor. 

• So far, the dependence of the Lewis number on the inlet temperature wasn't taken into 
account. Clearly, the functions I to V from the droplet dissolution model depend on the 
reactor inlet temperature. In future analysis it won't be accurate enough to assume constant 
functions over a wide range of inlet temperatures as is has been done in this work. 

Despite these facts it may well be that after all improvements have been accomplished, the 
results won’t be so far from the ones presented in this paper. 
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5. CONCLUSIONS 

With the application of an enthalpy enhanced Three-Environment Model, the progress of the 
reactor inlet temperature belonging to the event of extinction as a function of the fuel mass 
fraction of the waste water could be theoretically supported. Correspondence between 
theoretical and experimental results is satisfactory. The deviation of the extinction line from a 
flame temperature isotherm appeared to be due to a Lewis number greater than one. If the 
Lewis number could be lowered, the required fuel mass fraction is supposed to decrease. 
Experiments with different kinds of fuel as well as modified burner and inlet geometries will 
either support these theories or give evidence to the contrary. 
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Low Pulsation Design of Piping Systems for High Pressure Reciprocating Pumps 

S Notzon 

URACA Pumpenfabrik GmbH + Co. KG 
Sirchinger Str. 15, 72574 Bad Urach, Germany 

Since all pressure generators in high pressure process technology cause pressure pulsations 
in the plant, for a trouble-free operation pulsation reducing measures are necessary. 

This paper summarizes different methods of pulsation dampening in high pressure plants, 
and shows how to control and optimize the effectiveness of damping measures by numerical 
pulsation analysis. 


1. INTRODUCTION 

Reciprocating pumps are often used as pressure generators in high pressure process 
technology. Their main advantages in comparison with other pump types are good control 
features and energy efficiency. 

Like all high pressure pumps, reciprocating pumps provide due to their periodically 
fluctuating displacement a pulsating flow. 

The amount of volume flow fluctuations depends largely on the volumetric efficiency and 
the number of plungers. 

Triplex plunger pumps in which three plungers smooth the discharge flow, are the most 
widely spread in high pressure applications. 

The lower the volumetric efficiency and the higher the number of plungers, the lower the 
pulsation of the pump. 

Figure 1 shows a triplex plunger pump and its flow pulsation at a volumetric efficiency of 
95 %. The volumetric efficiency, representing the ratio of the actual volume flow Q to the 
theoretical flow (equation (1)), depends essentially on the fluid and working chamber elasticity 



Figure 1. a) triplex plunger pump 


b) volume flow pulsation (Xs = rod ratio) 
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and the quality of valve action (i - number of plungers, A - cross-sectional plunger area, h - 
stroke, n - speed). 

Q m 

^ i • A • h • n ' ; 

The pulsation of volume flow leads to pressure pulsations in the following piping system. 

Their size depends on the geometry of the piping system and the fluid parameters. The 
relevant effects on pressure pulsations are summarized in table 1. 

Table 1 


Influences on pressure pulsations in high pressure plants 


Fluid 

pump 

piping 

- density 

- volumetric efficiency 

- diameter 

- velocity of sound 

- number of plungers 

- length 

- viscosity 

- speed 

- k-values 


- time history of 
displacement 

- branches 


Pressure pulsations in high pressure processes are usually undesired and sometimes 
harmful. The consequences range from vibration excitement of pipes and vessels, over 
disturbances of measurement and control equipment to fracturing of pipes by low cycle 
fatigue. Therefore, pressure pulsation need special attention in high pressure piping systems. 
In many cases pulsation reducing measures, like pulsation dampeners and modifications in the 
piping system are necessary. 

2. PULSATION CONTROL DEVICES 

2.1. Pulsation dampeners 

Pulsation dampeners work by fluid friction, reflexion of pressure waves and volume 
elasticity. They represent an effective measure of controlling pulsation. 



Figure 3. a) gas-filled (head-heated) accumulator b) bladder accumulator c) resonator 
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Gas-filled accumulators, bladder accumulators and resonators which can be used both on 
the suction and the discharge side of the pump, are most frequently used. They differ in their 
quality of dampening, prices and the necessity of maintenance. Bladder type accumulators are 
limited in use due to the chemical and thermical resistance of the bladder materials inside. 

Especially on the discharge side of pumps pulsation dampeners are very expensive. For that 
reason the attempt to manage pulsation without dampeners is often made. That is sometimes 
possible, if other kinds of dampening mechanisms can be used. 

2.2 Interference of pressure waves 

To minimize the pulsation in a plant, two pressure waves can be superimposed with a 
phase-shift of XI2 as shown in Figure 4. If several pumps are in operation (Fig. 4a), it is 
necessary to synchronize the machines, which can be achieved electrically or mechanically. 

Since the synchronisation of pumps is very costly, this procedure has been carried out in 
only special cases. 




4 


b) 


Figure 4. Interference of pressure waves (X. = length of pressure wave) 
a) Two pumps operation b) detour-pipe 


In the case of Fig. 4b) a detour-pipe splits a wave into two parts and unites it downstream 
with a phase-shift. The best effectiveness is achieved if the detour-pipe is about half a wave¬ 
length (X/2) longer than the main pipe. 

For slowly running pumps the detour-pipes get very long whereby the applicability of this 
process is restricted. 

A combination of the mentioned methods has often been successful in plants where many 
reciprocating pumps discharge into the same piping system. 


2.3 Orifice plates 

Orifice plates are often applied to damp resonant oscillations in existing installations. Their 
effect is based on frictional losses. Therefore orifice plates shall be placed at pipe positions 
with a maximum of flow pulsation. 

A disadvantage of damping flow pulsations by orifices is the additional pressure loss 
brought into the system. So the obtainable reduction in pressure pulsation is quite limited. 
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3. COMPUTER AIDED CONTROL OF PULSATIONS 

Modem numerical simulation methods are able to determine pressure pulsations in high 
pressure plants with high accuracy. Therefore a prediction of pressure pulsations in the 
planning stage becomes possible and measures for improvements can be taken in time. 

Commonly used simulation programs are based on a numerical solution of the one¬ 
dimensional classical fluid mechanics equation by the method of characteristics [1-2]. For 
numerical simulation the piping system is devided in sections with constant cross-sectional 
areas which are connected by knot-elements. 

The pump excitation is modeled by a boundary condition for the flow velocity according to 
the time history of displacement. 

The invidual components of the piping system like valves, branches, atomizing nozzles etc. 
are described by resistance coefficients. Furthermore the modeling of gas-charged dampeners 
and resonators is possible. The software simulates pressure losses in pipeline as well as radially 
expansion of pipes due to transition of pressure waves. 

In many cases the numerical pulsation study has been proven to be an effective method to 
minimize pressure pulsation in high pressure plants [3-4], 

In the example below a numerical pulsation study was performed to control the 
effectiveness of the pulsation dampening devices. 


4. NUMERICAL PULSATION STUDY OF AN OIL PLANT 
4.1 Piping system 

Figure 5 gives the flow scheme of a feed oil system. A high pressure plunger pump feeds 
the reactor with oil at a pressure of about 75 bar. The mass-flow of feed oil is measured by 
three Coriolis-Flowmeters. The second pump is out of line. The feed oil flow is adjusted by 
pump speed which is variable in a range of 25 to 110 rpm. Two resonators are used for 
pulsation damping. 






Figure 5. Feed oil system - flow scheme 

1,2 triple plunger pumps 5-7 Coriolis-Flowmeter 

3,4 resonator 8 reactor 
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The allowable pulsation in the plant depends for one thing on possible excitation of the 
mechanical structure and on the other on the installed Coriolis-Flowmeters (CFMs). 

To prevent mechanical pipe vibrations, the pressure pulsation should be less than ± 3 %. 
Since the CFM is based on the evaluation of mechanical swinging inside the measuring device, 
it is sensitive to fluid pulsations with high frequencies (> 50 Hz) [5-6], At frequencies above 
50 Hz no appreciable shares of pulsation should be presented. 

In relation to the installed CFMs pressure amplitudes have to be lower than 0,2 bar at 
frequencies above 50 Hz. 

4.2 Piping study 

To verify the assigned damping measures, a numerical pulsation analysis (piping study) was 
carried out by "Lehrstuhl fur Apparatetechnik und Chemiemaschinenbau" of the university 
Erlangen/Germany. The computer program used (ROLAST) was tested in many verification 
experiments and returned the existing pressure conditions with high accuracy [5-6], The 
piping study was carried out on the following simplifications and asumptions: 

- The spherical resonators are represented by a cylinder of the same volume. 

- Pressure losses of the resonator are considered by resistance coefficients at the damper 
outlet. 

- Pump 2 is out of service, only pump 1 operates. 

The pulsation amplitude for different pump speeds have been computed at three testpoints 
(TP 1, TP 2, TP 3) The computation indicates, that nearly over the whole speed range the 
pressure pulsations remain below ± 3 % At a speed of 45 rpm the pulsation amplitudes pass a 
maximum which indicates an acoustical resonance (Fig. 6) 




Figure 6. Calculated pressure pulsations 
in feed oil systems. 


Figure 7. Calculeted pressure pulsation with 
and without orifice plate at TP 1 


In case of resonance the maximum pressure pulsations come up to 7 bar or ± 4,8 % and 
exceed the specified values. For the nominal speed of 90 rpm a time plot of pressure is shown 
in Fig. 8a). The spectrum of pressure pulsations at the inlet of CFM 1 shows no appreciable 
pressure amplitudes at frequencies above 50 Hz (Fig. 8b). 
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Figure 8. 

a) Calculated time history of 
pressure pulsation at TP 1 

b) Spectrum at TP 2 



Since this fact is valid for all other pump speeds a trouble-free operation of all CFMs will 
be obtained 

To minimize the pulsation in the plant, a reduction of pressure pulsations by orifice plates 
was investigated. Therefore an orifice with an inner diameter of 13,5 mm (pipe diameter 
80 mm) was placed at the inlet of the reactor. This is the position where maximum flow 
pulsation arises (open ended pipe). 

The result in figure 7 shows, that the orifice plate is able to reduce the pulsation to ± 3 % 
At nominal pump speed the orifice leads to additional pressure losses of 2 bar only. 

Due to the fact that the pump is rarely used in the range below 60 rpm an additional orifice 
is not used in this particular case. However, this example shows the ability of numerical 
pulsation analysis. 
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Dyeing of Poly(Ethylene Terephthalate) Fibers in Supercritical Carbon Dioxide 
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1. INTRODUCTION 

The supramolecular structure of Poly(ethylene terephthalate) PET can be described as a two 
phase system with highly ordered crystalline and imperfect amorphous regions which are 
statistically distributed over the fiber [1-3], Before dyeing of synthetic fibers the morphology of 
the fiber is changed by a heat setting process with hot air at temperatures between 160 and 
200°C. During this treatment relaxation of the inner tension of the material and crystallization 
processes in the amorphous regions of the macromolecular structure of the PET occur. Dye¬ 
stuff uptake of PET is strongly affected by the crystallinitiy and orientation of the macro¬ 
molecules of the fiber. Therefore the diffusion of colour into the fiber is mainly influenced by 
the amount and accessibility of the free volume of the noncrystalline regions and the inter- 
molecular interactions of the synthetic polymer [4-7]. 


2. RESULTS AND DISCUSSION 

2.1. Experimental 

For the examinations three different mono- and multifilament PET-yams were used. As seen by 
the effective temperature two of the fibers (220 dtex multifil and 360 monofil) were heat setted 
in air at 160°C. The experiments in air and supercritical C0 2 were carried out in a 400 ml 
autoclave, the DSC measurements (Differential Scanning Calorimetry) under pressure in a 
home-made apparatus with an integrated TA-Instruments calorimeter. 

2.2. Melting point and melting enthalpy of PET 
Table 1 

Comparison of the melting temperature T m (°C) and -enthalpy H m (J/g) of PET-fibers under 
atmospheric pressure at 1 bar in air and in supercritical C0 2 at 280 bar 


air 


C0 2 


T 

1 m 

H m 

T m 

m 

PET-multifilament 150 dtex 252 

54.2 

239 

33.1 

PET-multifilament 220 dtex 258 

53.5 

244 

38.3 

PET-monofilament 360 dtex 250 

47.7 

235 

22.0 
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In contrary to water supercritical carbon dioxide is able to penetrate into the hydrophobic 
PET-fiber. This was observed by measuring the melting point and the melting enthalpy of PET 
by Differential Dynamic Heat Flow Calorimetry in air under atmospheric pressure and in 
supercritical C0 2 at 280 bar. The carbon dioxide acts as a quasi impurity by which the melting 
point of the PET is decreased by 14°C. The results are shown in Table 1. 

2.3. Changes in the crystalline structure of PET after treatment in supercritical C0 2 
Furthermore the changes in the effective temperature of the three PET-fibers were also investi¬ 
gated by DSC after the treatment of the yams at different temperatures in air under atmosphe¬ 
ric pressure and in supercritical C0 2 during 45 min. The results are presented in Figure 2. 



Figure 2. Effect of the process-medium and the treatment-temperature on the effective tempe¬ 
rature (T e fj) of PET-fibers in air (left hand) and in supercritical C0 2 at 280 bar (right hand). 



Figure 3. Shrinkage behaviour of PET-fibers treated at different temperatures in air under at¬ 
mospheric pressure and in supercritical C0 2 at 280 bar. 
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Structural changes of PET only occur when the material is not heat setted or the processing 
temperature is near or above the heat setting temperature. The change in the crystal network 
characterized by the effective temperature is increased by the treatment in C0 2 in comparison 
to air (Figure 2). This was also found by other authors [8,9], 

The shrinkage behaviour of the PET fiber also strongly depends on the process medium as 
shown in Figure 3. The effect is most distinctive when non-heat setted material was used. The 
shrinkage of the yam gives some information about the inner tension of a synthetic fiber and 
can be explained by a backfolding of the polymer chains instead of a disorientation of the 
macromolecules [10,11]. 

As indicated by the decrease of the melting point in Table 1 and the results presented in 
Figures 1 and 2 the penetration of the carbon dioxide into the PET seems to accelerate changes 
in the crystalline structure by swelling of the fiber. For PET this effect is also well known with 
other swelling agents [12,13], 





untreated fiber 

dyed in supercritical CO 2 

dyed in water 


Figure 4. Stress strain-diagrams of PET-fibers dyed in water and supercritical C0 2 at 120°C. 


Changes in the structure of PET in the amorphous regions of the fiber are also detectable by 
viscoelastic measurements [1], Stress strain-diagrams of non-heat setted PET show a 
distinctive shrinkage-saddle which can be explained by the elongation of tie-molecules in the 
amorphous regions of the fiber (Figure 4 A). This effect is much stronger in C0 2 than in water 
at the same dyeing temperature. The width of the saddle directly correlates with the shrinkage 
of the fiber which was 12.5 % in C0 2 and 9.5 % in water. When heat setted material was used 
no changes in the stress-strain-behaviour has been observed (see Figure 4 B and C). 
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2.4. Description of the UHDE supercritical dyeing pilot-plant 

Based on the experiences of the DTNW the high pressure engineering works UHDE (Hagen, 
Germany) constructed a supercritical dyeing pilot-plant with a 30 1 autoclave for scaling up of 
the dyeing process to industrial scale. At the moment the dyeable amount is 3-7 kg PET-yam 
per cycle. 

A schematic drawing of the machine is shown in Figure 5. Besides the impregnation of textiles 
with dyestuffs or other soluble components in supercritical CO 2 the UHDE pilot plant can also 
be used for the extraction of substances from the fibers (e.g. spinning additives, preparation 
agents, lubricants, coning oils etc.). 



Figure 5. Schematic drawing of the UFIDE supercritical dyeing pilot-plant. 

D1 liquid C0 2 storage vessel, El, E3 and E4 heat exchanger, P membrane pump, C autoclave, 
D2 Dyestuff storage vessel, PI circulation pump, S Separator and PC pressure reducing valve. 


The supercritical dyeing pilot-plant is filled with liquid carbon dioxide, which was cooled down 
in the heat exchanger (E4) to make sure that C0 2 is completely liquid. C0 2 is compressed with 
a membrane pump up to the dyeing pressure of 280 bar. During the pressurizing of the C0 2 
the system is heated up (El) to the dyeing temperature. When dyeing conditions are constant, 
the membrane pump (P) is stopped, the dyestuff storage vessel (D2) opened and the circulation 
pump (PI) started. The C0 2 -circulation flow was from the inside to the outside of the bobbin 
without changing the circulating direction. After dyeing the supercritical carbon dioxide is de¬ 
compressed down to 60 bar (PC). In the gaseous C0 2 atmosphere in the separator (S) the 
dyestuff is insoluble and remains in the vessel. Then C0 2 is cooled (D3) down until it is liquid 
and flows back to the C0 2 -collecting tank (Dl). The recyclabe amout of C0 2 is ca. 90 %. 

2.5. First dyeing results obtained with the UHDE supercritical dyeing pilot-plant 
The experiments were carried out by using a prewashed PET-multifilament yam with 32 fila¬ 
ments per bundle and 182.5 dtex. The material has been heat setted at 195°C and was dyed 
with C02PES MARINE SM1F from Ciba-Geigy (Basle, Switzerland). 
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The dyestuff uptake and the outside to inside shading of the fiber after the isothermal and iso- 
baric treatment at different temperatures at 280 bar was investigated by measuring the mini¬ 
mum of reflectance at 610 nm of the two bobbins. The higher the dyestuff uptake the lower is 
the value of reflectance. The bobbin at the bottom of the autoclave in Figure 5 is called bobbin 
A and the one at the top is named bobbin B. 


bobbin A 


bobbin B 



outside middle inside 



outside middle inside 


Figure 6. Determination of the outside-to-inside shading of PET-yam after isothermal dyeing 
at different temperatures in supercritical C0 2 at 280 bar for 1 h by mesuring the reflectance of 
the fiber at 610 nm. 


The best colour levelness is obtained at dyeing temperatures shortly above the glass point of 
the fiber at 90°C. At higher temperatures the colour strength is much better but with a lack of 
uniformity. The cause for the outside-to-inside shading of PET-yam is reasoned in the in¬ 
creasing shrinkage and swelling of the fiber with raising temperatures. The density of the 
bobbins also increases and acts like a filter for the dyestuff when the circulation direction is 
from the inside to the outside. The result is a supersaturated fiber in the inside of the bobbin 
and a shading to the outside. 

As seen by fiber cross-sections of PET at low dyeing temperatures up to 100°C ring dyeing 
effects were observed whereas at 120°C the fiber is completely dyed. 

Transfering of these results to an optimum dyeing process starting temperature should be 90°C 
to obtain an uniform dyestuff uptake and then raising up the temperature to get a completely 
dyed PET-fiber. 

Washing-, rubbing- and light fastness of the dyed PET fibers at different temperatures were 
also tested. All fastness measurements of the dyed samples with C02PES MARINE SM1F 
gave very good results. 

2.6. Measurement of cyclic oligomers after dyeing of PET in supercritical carbon dioxide 
The solubility of oligomers in supercritical C0 2 which are located at the surface and in the 
inner of the PET fiber resulting from the spinning process was measured by HPLC with an 
UV-detector at 240 nm These oligomers are insoluble in water. In high concentrations they 
can cause problems during water dyeing because they can precipitate at the surface of the fiber 
and on the machines [14], 
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As seen in Table 2 the PET-oligomers - mainly cyclic trimers - are not extracted by super¬ 
critical carbon dioxide at dyeing conditions. This was also confirmed by other authors [9], The 
surface content of oligomers depends on the dyeing temperature whereas the total amount of 
cyclic trimers does not change. 

Table 2 


Content of cyclic oligomers (%) after dyeing of PET in water and supercritical C0 2 as a 
function of dyeing temperature (°C) 


dyeing medium dyeing temperature 

PET-surface oligomers 

total content of PET-oligomers 

untreated 

- 

0.02 

3.80 

water 

130 

0.01 

2.53 

co 2 

80 

0.11 

3.23 

co 2 

90 

0.20 

2.96 

C0 2 

100 

0.38 

3.29 

C0 2 

110 

0.74 

3.19 

C0 2 

120 

0.95 

3.14 

C0 2 

90-110 

0.46 

3.18 
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Research with Modular Laboratory and Pilot Equipment in 
the Field of Supercritical Fluid Processing 
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1. INTRODUCTION 

Supercritical Fluids (SF) are known to have unique properties. In several 
fields of high pressure technology these properties lead to decisive advantages 
compared to conventional processes. 

Apart from fundamental research which mainly is done by universities, R & D 
groups of different industry branches (flavours and fragrances, pharmaceuticals) 
have made a great effort in order to find and develop new high pressure 
applications. This trend is basically forced by the following aspects: 

- Replacement of halogenated solvents (e.g. methylenchloride) by 
physiologically harmless solvents like C02 to reduce the economic burden 
on health services and the environment. 

- Development of new products. 

- Simplifying of production procedures for instance for the separation of 
thermolabile, high molecular products. 

Since the products and the process steps to which a supercritical fluid process 
could be successfully applicable are widespread, the demand for high pressure 
pilot units to check the feasibility arose first of all in the field of Supercritical 
Fluid Extraction (SFE). 

The SFE process has very important economical and ecological advantages 
whenever low temperature, high selectivity and a simple separation are 
required. Especially the low process temperature is an important feature for the 
treatment of natural products. 

However, every natural product has its specific characteristics which have to 
be considered through all process steps, from the harvest to the final 
conservation and packaging. These characteristics also dictate the process 
parameters throughout the whole extraction process and consequently also the 
pattern of the high pressure pilot unit. 
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Building supercritical fluid extraction units for an ever growing number of 
new products it was realized that for laboratory and pilot units only one 
standard equipment programme was no longer sufficient. 

Based on long years of experience with former standard SFE-pilot plants, the 
SITEC crew started in 1984 to design and develop a modular line of laboratory 
and pilot plant units. In the meantime, nearly 50 of such units have been built 
and installed in 14 countries worldwide but all of them have been adapted to the 
customers' requirements based on these basic moduls. 

2. MODULAR LINE OF LABORATORY AND PILOT UNITS 

The main aspects which determine the module pattern to be applied are the 
process parameters, the required process steps including product pre-treatment, 
extraction and separation, the process enhancements and finally the equipment 
parameters. The corresponding basic modules and some key components are 
explained hereafter using current examples of SITEC pilot units built for 
supercritical fluid extraction purposes. 

2.1. Supercritical Fluid Extraction Pilot Units 

The turn-key multipurpose 
high pressure pilot unit shown 
in picture 1 can be used for the 
continuous extraction of liquid 
products in a column with 
structured packings and for the 
batch extraction of solids in a 
extraction vessel. It is assembled 
using the following proven basic 
modules (see also figure 1): 

a. Gas circulation system 
(diaphragm metering pump 
18 1/h, 30 MPa, 80 °C) 

b. Final separation system 
(in liquid gas) 

c. Solid extractor (2 liter) 
with quick opening closure 
and basket insert 

d. Fluid fluid extraction column 
with Sulzer packings 
(2 1/h, ID 38 mm, 2m) 

e. Modifier system 

Picture 1. Multipurpose SFE (diaphragm metering pump 

Pilot Unit (liquids and solids). 2 1/h) 
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The capacities of the 
extraction vessels, the diameters 
and lengths of the extraction 
columns and the pump 
capacities can easily be varied 
and adjusted to the product 
without changing the basic 
pattern of the extraction unit. 

Apart from different 
capacities of pumps, columns 
and vessels there are other 
equipment parameters which 
have to be chosen in respect to 
the product or the product group 
to be treated e.g. the number 
and type of separators, the number and arrangement of 
extractors (parallel, in series or in carousel mode), reflux 
systems or ex-proof design. A very important tool is the possibility to generate 
extract fractions using several separators in series. However, depending on the 
product requirements the separator types have to be chosen carefully because of 
their different characteristics. The following separators are available as a 
standard: 

a. Vessel with liquid solvent gas : Expansion into the 2-phase region of the 
solvent gas; used as final separation step; extract can be used as product. 

b. Adsorption column : Adsorption by activated carbon; used if the dissolved 
products are wastes (cleaning processes, decaffeination of coffee beans) 

c. Fluid cyclone : For intermediate separation steps. 

d. Packed column : For intermediate or final separation in combination with a 
fluid fluid extraction; the bottom product of the separation column is used as 
reflux for the extraction column. 

Not only the extraction and the separation steps but also the product pre¬ 
treatments like grinding, cell-cracking, soaking and steaming etc. influence the 
extraction process. In addition the yield and the selectivity can be increased 
using some of the process enhancements listed in the following: 

a. Modifier or Co-Solvent Systems: Adding a small quantity of a more polar 
solvent (co-solvent or entrainer fluid) to the solvent fluid in order to modify 
and adapt the solvent characteritics to the solute. 

b. Agitators: Magnetic stirrers improve the mass transfer rates, especially with 
very viscous products where channelling may be encountered. 

c. Pressure pulsed columns: Increasing of mass transfer rates implying pressure 
pulses in order to generate microscopic phase changes. 



Figure 1. Principle of 
Multipurpose SFE Unit 
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d. Hydrocarbon Solvent Gases: Propane , butane, ethane and their mixtures 
with carbon dioxide increase the solvent power for non polar components but 
require an ex-proof design. 





Since the basic moduls as well as these process enhancements are 
standardized it is easy to prepare a unit for the RETROFIT of additional options 
like co-solvent systems, additional inbtermediate separators, columns, extractors 

or a data acquisition system. 
The flexible design as well as the 
possibility to prepare the unit 
for the RETROFIT of options 
which might be interesting in 
future are important advantages 
for everyone who is in charge of 
R&D. 

The phase equilibria unit 
shown in picture 3 is a useful 
completion for the SFE pilot 
units. It is built for 
measurements and detection of 
phase equilibria and phase 
transitions by optical and 
analytical means. The picture 
from the optical cell is 
transmitted through the 
sapphire windows by the directly 
connected camera system and is 
displayed on the monitor in the 
front panel. Whenever samples 
are drawn out of the cell the 
directly connected counter¬ 
balance piston moves , thus 
keeping the pressure in the cell 
constant even during sampling 
operations. 

Using such a phase equilibria 
unit, the feasibility of a 
separation process can roughly 
be checked and promising 
process conditions evaluated 
with only small amounts of 
educts before running tests with 
the SFE pilot unit. This wRl 
drastically reduce experimental 
Picture 3. Phase Equilibria Unit. costs. 


Picture 2. Multipurpose Pilot 
Unit prepared for RETROFIT of 
an additional extractor. 
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2.2. Pilot Unit for HP-Micronization and -Spray Drying 

In the last few years, an increasing trend towards new high pressure 
applications could be observed in R & D, all of them in a certain way taking 
advantage of the remarkable properties of fluids at near critical or supercritical 
conditions. At the same time the demand for high pressure pilot units for these 
'new" applications like Supercritical Fluid Reactions, HP-Micronization, HP- 
Spray Drying and HP-Sterilization increased. In order to also supply customized 

pilot units for applications in 
these emerging fields, SITEC 
has adapted basic modules or 
designed new modules for these 
applications. 

The multipurpose high 
pressure pilot unit in picture 4 is 
built for HP-Spray Drying, HP- 
Micronization and for SFE of 
solid products. As can be seen on 
the corresponding flow sheet 
(figure 2), the C02 circulation 
system and the separation 
module are exactly the same as 
in the multipurpose SFE unit. 
However, the column and the 
product pump had to be adapted 
to the requirements of the "new" 
Picture 4. Multipurpose Unit for application. 

HP-Micronization and Spray In order to get a defined 

Drying spraying condition the 

pulsation-free feeding of the 
liquid product is very important, 
uauid Therefore the unit is equipped 

with a servo motor driven 

metering pump which allows to 
accurately adjust and control the 
liquid product feed and operates 
without any pulsations. 

Another key component is the 
spray nozzle which basically has 
to fulfil the following criteria: 

a. small but well defined spray 
pattern due to limited inner 
diameter of HP spray 
Figure 2. Principle columns 


SCF ♦ Solvent Gas 
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b. easily exchangeable 

c. small orifice due to the small 
volumetric flow in the spray 
drying mode. 

d. high shape stability 

The SITEC nozzles consisting 
of a nozzle holder and 
exchangeable diamond nozzle 
pellets excellently fulfil all these 
requirements and thus allow a 
fast investigation of the 
influence of nozzle geometry on 
the product shape and size. 


Picture 5. Pre-Production Spray Column Module for HP Spray Drying with semi- 
continuous discharging of solid product. 

2.3. Pilot Unit for Reactions in or with Supercritical Fluids 



Picture 6. Pilot 
Unit for continuous 
HP- reactions in or 
with supercritical 
fluids using different 
fixed bed reactors with 
external recirculation. 


3. CONCLUSION 

SITEC has successfully developed a modular design for high pressure pilot 
units which now drastically reduces engineering cost but nevertheless is flexible 
enough to adapt such units to the researcher's specific requirements. 
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1. INTRODUCTION 

High Pressure Process Diaphragm Pumps (HPDP, - tA;'- t. • j.ljl. p 1 

Figure 1) are proven as a reliable solution for the '■ j? j : 1 • 

pumping of different fluids in all areas of the che- | S f'*] T'fS L ^ u — 

mical industry and the process technology. Because L-i—TT-u-l 

of the robustness and diaphragm preserving hydrau¬ 
lic drive, maintenance cycles of a year of continuous 

operation is the rule, exempting abrasion problems Figure 1: Process Diaphragm Pump Head 

i . , , with PTFE Diaphragm 

in the valve area. With toxic, aseptic and abrasive 

fluids the diaphragm pump technology is obligatory in any case. The safety philosophy 
"sandwich diaphragm" is mandatory for the process technology. 

The present essential aspect for the decision in favour of a Diaphragm Pump is its 
hermetical tightness, which is guaranteed by its stationary and therefore free of wear clamping 
area. The Diaphragm Pump is the only type of reciprocating pump where the dynamic sealing 
is not in contact with the fluid. 

Because of its larger main dimensions and due to the diaphragm drive and safety device, 
the Diaphragm Pump is more costly than the traditional Plunger Pump. Saving of mainten¬ 
ance and repair costs are nowadays even more difficult to evaluate because of the hermetic 
sealing. Therefore often only the existing requirements or problematic fluids motivate the 
deciding factors in favour of a Diaphragm Pump. But there are a lot more positive aspects. 


2. INTEGRATED PRESSURE RELIEF VALVES (PRV) 

The mere analysis regarding the price or functional -oriented 
performance does only make sense, as long as the pump is 
considered as an isolated unit for a purely functional delivery flow. 

This aspect however has to be abandoned later on when the pump is 

regarded as a part Of a system. Figure 2: Safety-Valve-By- 

High-class Hydraulic HDP are generally equipped with a design pass of a P | unger Pump 
approved PRV on the hydraulic side. This teprovides a safety 

device against overpressure in case the HDP is the only pressure increasing unit in the system. 

The PRV assumes the function of a safety valve. When the system pressure exceeds the set 
pressure then the hydraulic fluid will escape to the hydraulic reservoir via this valve. 
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The minimal alternative to the PRV is an installation on the fluid side as shown in Figure 

2. This system has to be designed in compliance with the maximum pressure and will already 
increase the installation costs noticeably. Perhaps the effort will have to be multiplied in case 
a return pipe to the suction vessel is necessary. Furthermore, safety valves in contact with the 
fluid are rather problematic. Since the entire system pressure has to be reduced solely at the 
sealing of the safety valve, damages and resulting maintenance costs occur often, even after 
only one opening function. Fluids with solids, melts and adhesive fluids are rather difficult or 
even impossible to be properly sealed on the fluidside. This leads to expensive solutions such 
as a combination of a rupture disk and safety valve. The safety valve on the fluidside will be a 
hazardous spot in case of dangerous retumflows of toxic fluids from a reactor vessel. 

The Process Diaphragm Pump therefore integrates already an important part of the system. 

3. LIFE CYCLE COST 

The bare evaluation including the additional effort for the installation, which shows the 
Plunger Pump in a better light than the Diaphragm Pump, is only done for price or functional 
reasons however this is not sufficient. The design of industrial plants requires more and more 
to consider also the entire expenditures for ecology and lifetime reasons. Not only are the 
basic initial investment costs decisive for the purchase, but also the total assessment of all life 
cycle costs inflicted within the lifetime of a pump. The life cycle costs are defined by the ac¬ 
tual costs for a definite time of operation f.e. 10 years. These costs include the purchase, instal¬ 
lation, energy consumption, maintenance, repair and removal. The above mentioned use of in¬ 
tegrated safety valves for the protection of the system is widely done by engineering com¬ 
panies and producers. The system of course also includes the drive and all primary and secon¬ 
dary safety devices, such as protection against dry running, (the PDP is absolutely safe against 
dry running), and supervision of the flow and temperature. A comparison between an indu¬ 
strial PDP and a Process Plunger Pump relevant to the maintenance costs is shown in table 1. 



PDP 

3-Plunger-Pump 

Pump type and size 

Diaphr. pump ca. 12 m J /h, 150 bar 

Compareable 3-plunger pump 

Investment cost 

approx. 350.000,— DM 

approx. 180.000,- to 220.000,- DM ( 50%) 

Spare ' P ,un S er 
parts per' P lun g er sealln S 
year ‘ diaphragm 

- valves 

no 

est: 24.999,- DM (3 parts x 8.000,- DM)* 

no 

est:: 12.000.- DM (3 set x 4.000,- DM)* 

approx. 1.500,- DM (3 sets x 500,-) 

no 

estimation 8.600,- DM (6 set) 

estimation 8.600.- DM (6 sets) 

Maint. costs per activity 

proposal: 8 h * 1.600,- DM 

proposal: 24 h w 4.800,- DM 

Maint. costs per year 

approx. 11.700,- DM 

approx. 49.400,- DM 

After 3 years 

approx. 35.100,- DM 

approx. 148.200,- DM 

Investment costs after 3 
years nearly equal. 

approx. 350.00,-+ approx. 35.100,- 

= 385.100,-DM 

approx. 220.000,-+ approx. 148.200,-= 
368.200,- DM 

Additionally: 

energy costs 

plunger lubrication syst. 

leakages 

=> lower; approx. 2000.- DM/year 
=> no 

=> no, hermetical system 

=> high - due to friction in the plunger sealing 
=> very often, periodic maitenance. 

=> leakage 111! 


Tabic 1: Comparison of investment and maintainance costs of a plunger and a diaphragm pump for methanol: 
* optimistic; usual: non-lubrication fluids 2 or 3 sealings per year 


Required was a pump for 12 m 3 Methanol per hour against 150 bar. Methanol is a non lubri 
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cant and therefore the sealing and plunger of a Plunger Pump shows wear, in spite of addi¬ 
tional lubrication. Based on experience, maintenance cycles of a year may be assumed for the 
diaphragm (usual) and likewise for the plunger of the Plunger Pump (very optimistic) and the 
valves, which will be the same for both. The listing of the investment costs and all resulting 
maintenance costs show the PDP to be more favourable (Break even point: 2-3 years). 

This evaluation does not consider the advantage of the hermetical sealing, the system's 
safeguarding ability of the PDP and the fact that hydraulically actuated Diaphragm Pumps are 
saving energy due to their better overall energy efficiency. 

A similar evaluation relevant to the comparison of efficiency and resulting energy costs 
with high speed centrifugal pumps, gives a clear indication in favour of the PDP. In a 
particular case of application, based on an energy price level of 0.12 DM/KWh, the break 
even point has been reached already after one and a half years. 

The PDP under the given conditions represents an economical solution even though when 
leak tightness is not explicitly required. The use of Diaphragm Pumps is consequently a 
reasonable step in the direction of the world wide discussed "sustainable development". 

4. TREND FOR INCREASED FLOW RATES 

An increasing number of plant engineering companies are aware of the importance of life 
cycle costs and therefore require, together with the pump quotation, an additional cost 
proposal for a complete pump system. This trend is indicated by an increased demand for 
Diaphragm Pumps in particular for higher flow rates. Even ten years ago the maximal 
required flow rate for Triplex Pumps of unit construction has been approximately 50 KW. 
Today there are units available with nearly ten times the power. 

This step of power increase could not be accomplished satisfactorily with a larger number 
of gear box elements - because of the higher maintenance costs - or simply by a scale up of 
the individual pump element - due to the very large power dimensions, the couplings, the 
resulting noise emission and the effect on the entire installation. This was the reason for the 
development of Triplex PDP. The possible achievement of larger flow rates, high pressures, 
ultimately calls for a well qualified design according to the high pressure requirements and 
production which is based on modern calculation and manufacturing processes. 

5. MODERN TRIPLEX PROCESS DIAPHRAGM PUMPS 

Modern PDP are high grade investment items with a number of ambitious requirements: 

• High diaphragm life time • Fully compliance with the law to the protec- 

• Sturdy gearboxes and drives tion of machines (Transport and operation) 

• Costwise favourable highpressure designs • Components for process automation 

• Reliable valve design for large flow rates • Prevention of costly damages 

• Low noise emission • Early monitoring of damages 

• No initiation of vibration - requires calculation of vibration • Large range of flow rate control 

• Increased requirements relevant to the safety of operation • High efficiency of energy consumption 

( 1 year continuous service without maintenance) • Explosion proof enclosures 

• Consideration of individual properties of fluids. • Thermo safety protection devices 

As examples for the requirements the specialities of the valves and diaphragm are described. 
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5.1 Safe Diaphragm Technology 


The diaphragm is the central element which determines the whole pump head design and 
its size. PTFE diaphragms are predominantly used - for higher pressures metal diaphragms, 
and for special designs elastomeric diaphragms (Table 2). 


Diaphragm material 

PTFE 

METAL 

ELASTOMER 

Realized pressure range 

up to 350 bar 

2000 bar 

up to 1000 bar 

Realized temperature range 

-20 to 150°C 

- 20 to 200°C 

5 to 80 “C 

Chemical stability 

++ 

++ 

- 

Material-Effect on design 

V large ,D small 

V small, D large 

V large, D small 

Realized diaphragm shape 

plane parallel & corrugated 

plane parallel 

plane parallel 


Table 2: Diaphragm material and range of applications, ++ resistant against almost all fluids, - resistant in a 


few cases, V - deflection, D - main dimensions of pump. 

The best shape of PTFE diaphragms with extreme reliability are being developed at the 
present time [1,2]. Apart from the diaphragm shape the diaphragm clamping plays an outstan¬ 
dingly important part. The compression at the clamping area has always to be noticeably 
above the pressure against which it has to be sealed, and should be static. 

For the usual pressure range with metal diaphragms, this can be reached by a compression 
of 70% up to 100% of the yield strength (Figure 3a). However basically the compression has 
to be within the range covered by the uniaxial stress strain area. The clamping area should be 
designed in such a way that a transversal contraction and flow of the material is avoided. 
Consequently, small clamping areas are preferred, since too wide clamping may result in a 
non-uniform distribution of the compression. Untightness and early fatigue is the result. 

PTFE requires a sealing compression which is no¬ 
ticeably above the stress strain diagram (Figure 3b). A 
reliable sealing is only possible by using special 
labyrinth geometries matching the PTFE features. 

The requirements, relevant to the clamping geo¬ 
metry, are basically increased with the enlargement of 
the components. Increased diameters result in higher 
dynamic bending of the cover. This causes an increase 
of unfavourable micro motions which may result in dia¬ 
phragm fatigue or leakage. Remedy is only possible by 
choosing the best design of the clamping area which is 
closely related to the diaphragm material, and assures 
that the diaphragm withstands all deformations. 

5.2 Reliable Long Life Pump-Check-Valves 

With respect to the geometrical scale up there is a linear 
relationship between the required flow rate and the 
cross sectional area of the valves. Relevant to the valve 
diameter, the mass of the valve part is increased nearly 
by power 3. This results in an increase of the closing 
energy, as well in the 3rd power, and the danger of a 
dramatic growth of the noise emission and wear at the valve sealing geometrie. To meet the 
low noise requirements and low life cycle costs modem valves are designed with a low 
closing energy. With the help of the Finite Element Method, mass improved valve bodies, 



Figure 3: Clamping-Stress cr p compared 
with stress-strain-curves: a) metal; b) 
PTFE; e strain, M diaphragm, BS steel, 
SS stainless-steel 
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reliable wear free contours of the sealing area and optimal spring-characteristics (also 
important for NPSH-values) are essential features of modern valve designs. About 90-95% of 
all applications are satisfied successfully with conical or crowned sealing geometries and a 
high variety of rigid, elastic or hardend valve materials. The material has to be choosen with 
respect to individual operating conditions, to minimize the wear of the valves parts. 


Principially the closing action of a check valve may 
be divided into three stages (Figure 4a): In the first 
accelerating phase(I) the closing body is leaving the 
upper dead point induced by force of gravity and/or 
spring induced power. In the damping phase (II) the 
valve body gets decelerated due to fluid layers. In the 
impact phase (III) the closing body is decelerated to 
zero through elastic deformations by the sealing area. 
The energy which appears in the sealing area at this 
time is the kinetic energy at the end of phase II and is 
following the formula: E = 1/2 m v 2 2 

The larger the specific energy applied to the sealing 
area, the larger is the wear of the valve (a= f(E)). 

An effective damping of the end positions is obvi¬ 
ously reducing the wear of valves to a high degree. Pos¬ 
sibilities for the damping of the end positions are: 

1. Damping by fluid viscosity / jamming soft particles, 

2. elastomeric auxiliary sealing, 

3. elastic or mass improved valve parts. 

The possibility 1 is determined by the fluid and nor¬ 



mally not influentual but effective. The use of elasto- Figure 4: Valves: a) closing velocity of the 


meric sealings often fails because of their limited che- valve (v); b) sealing-stress (a ) and strain (e) 

mical stability. Therefore elastic and mass improved in the closingarea - h ri 8 id material, w soft 
. . , , . , ... .. , . , material^. max. velocity, v 5 impact velocity 

valve bodies (combined with optimal springs) are the * 


best and universal solution. 


A lengthly discussed subject in connection with valves is the material. The first reaction as 
an answer to increased wear of valves is the use of hardened materials. That 'hardening only' 
does not necessarily lead to an improvement (Figure 4b). Based on the fact that there is the 
same compression between the valve closing body (SK) and the valve seat (S) a triangle dia¬ 
gram which consists of the local elastic deformation characteristics is proposed. The kinetic 
energy at the beginning of the impact phase has to be fully absorbed by the material and there¬ 
fore corresponds to the hatched area. The size of the deformation results in a typical compres¬ 
sion o. Since more rigid materials (h) have an increased Youngs modulus, the sum of e SK + e s 
is smaller, but at equal springs and masses the energy input (area of the triangle) remains 
unchanged. That means that more rigid materials create, most of the time, higher compres¬ 
sions in the sealing area. The correlation is approximately linear: Double Young-Module 
produces a compression stress that is approximately twice as high. Therefore the use of more 
rigid materials which are far more expensive, only make sense, if the ratio cj admjss j b i e /a is 
increasing. Experiences with Methanol confirm this. Thungsten carbide valve parts have 
shown wear of the valves (outbreaks) after a short running period. In this case, with valve 




598 


parts made of high strength steel, however, satisfactory running periods and low life cycle 
costs were accomplished. 

These statements are only valid as long as there are no abrasive particles in the fluid. If ab¬ 
rasive particles are jammed into the sealing area, the only predominant facts are the difference 
of hardness between the sealing area and the particles. The best economical solution 
therefore, in this case, is to use expensive hard and most rigid materials. Experience with 
silicates and Ranney-Nickel etc. confirm this. Finally by installing valve parts of Silicon- 
Nitrite or Tungsten Carbide it was possible to achieve quite acceptable life cycle costs. 

6. EXAMPLES OF TRIPLEX PROCESS DIAPHRAGM PUMPS 


The following shows a small selection of realized projects where the DPP was the only 
economical solution and which also assure that this technique is universally usable. 

A) Example for Process Diaphragm Pumps with PTFE Diaphragm 


Requirements 


Design 

• Fluid Al-Alkyl (pyrophoric) 


• PTFE Diaphragm in Sandwich design 

• Flow rate 9500 - 37720 l/h 


• Drive by steam turbine 

• Discharge pressure approx 90 bar 


• Valve material SS 316/Ferrotitanium 

• Suction pressure 4 - 8 bar 


• Temperature probe and liquid level switch in the 

• Vapor pressure 1.05 bar 


hydraulic fluid 

• Viscosity 2.44 mPa s 


• Stroke frequency 46 to 184 s/min 

• Velocity of Sedimentation 0.6 m/sec 


• Shock absorber on discharge 

• Solids % 13 


• Pulsation damper on suction and discharge 

• Drive Steam turbine 




B) Example for a Process Diaphragm Pump with Metal Diaphragm 


Requirements 

• Sterilization temperature: I25°C 

• Fluid : Lecithin Water Mixture with Agent 

• Pressure: 1000 bar / 800 bar 

• Flowrate: 1.3 m3/h 

• Suction pressure: 7 bar due to suction piping 

• Density: 1 Kg/cm3 

• Drive: Water cooled three phase current motor with 

• Viscosity: approx 1 m Pas 

frequency converter 

• Operating temperature: 65 °C 

• Required design: Low pulsation without pulsation 


damper 


Design 

CIP - capable pumpheads for sterilizing with hot water or steam. Pumphead design with minimum dead space 
(high volumetric efficiency) without front back up plate liquid end (easy to clean). Splitting of flow rate with 
two Triplex Pumps which have been electronically synchronized in a way that the hydraulic pulsation 
corresponds to a pump with 6 heads This made it possible to comply with the requirement to use no pulsation 
damper and to still achieve a very low remaining pulsation at the homogenizing nozzle. The synchronizing 
system consists of two frequency converters for both machines, two absolute reliable speed transmitters with 
very high resolving power and a micro range adjustment controller that ensures the proper shifting of the cranks 
which has to be maintained. The short and most frequent cycles of sterilization and the resulting phases for 
cooling down and heating up between 25 and 125°C are very efficiently accomplished by a heating system very 
closely located near the liquid end of the pump and controlled by a temperature probe. 
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Hermetic canned motor centrifugal pumps in bigh-pressure processes 

R.Kramer and R.Neumaier 

HERMETIC-Pumpen GmbH 

D-79191 Gundelfingen / Germany, P.O. box 1220 

1. INTRODUCTION 

Continuous product flows under high-pressure conditions (p > 30 MPa) can only be achie¬ 
ved with hermetic centrifugal pumps. Although the two drive systems that can be used - the 
permanent magnet coupling and the asynchronous canned motor - have the same mode of 
operation, they differ in their applications and their safety ranges. 

Whilst the canned motor only exhibits a slight loss of efficiency as internal pressure loading 
increases, the efficiency of the permanent magnet decreases approximately as the square of 
pressure load. This is why canned motors have won preference over magnetic drive couplings 
for centrifugal pumps in high-pressure systems and are now used almost exclusively. They can 
also be used in pumps for transportation of both high-temperature fluids and suspensions. 

2. THE MODE OF OPERATION OF THE CANNED-MOTOR CENTRIFUGAL 

PUMP 

The pump and motor are directly combined to form a unit (Figure 1), such that no drive 
shaft passes through the pressurised casing. A diaphragm known as the 'can', which is inte¬ 
grated into the motor between the stator pack and the rotor, represents a static atmospheric 
seal and separates the rotor compartment from the stator compartment, such that levels of 
sealing of < 10 -6 mbar 1/s are achieved. Eighty to ninety-five percent of the motor's heat, 
depending on the ambient temperature, is carried away by a secondary flow which is taken 
directly from the flow product on the pressure side, then passing through the rotor/ stator gap 
to the suction side [1], 


Fig. 1 Operating diagram of a canned motor pump. 



3. CANNED-MOTOR CENTRIFUGAL PUMPS IN THE HIGH-PRESSURE RANGE 

The versatile drive system of the asynchronous canned motor has set fresh yardsticks for 
centrifugal pumps operating under high-pressure conditions. The operating limits for pressu¬ 
re, temperature and toxicity of the flow product have been extended by some orders of magni¬ 
tude. This is the logical result of the response to heightened safety & environment require¬ 
ments, and means that technical processes can now be implemented for the manufacture of 
new products. 
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4. THE CANNED MOTOR UNDER HIGH-PRESSURE CONDITIONS 

It is required in the interests of economy that the power requirements of high-pressure 
pumps should be no worse than those of ordinary canned-motor pumps. In order to minimise 
electrical and magnetic losses, it is appropriate to utilise cans with the thinnest possible walls. 
On the other hand, there is the requirement for mechanical strength in the context of high 
internal pressures and corrosive removal of material. At present, cans are usually made with a 
wall thickness of 1 mm, using stainless steel or a high-nickel alloy such as to guarantee the 
required corrosion-resistance over a foreseeable period. This leaves us with the problem of 
absorbing the high internal pressures. 

The stator pack can be modified such that it contributes to transfer of the pressure loads on 
the can to the stator casing. The necessary steps are as follows: 

I. Modification of the punch section configuration by routing of the grooves for guidance 
of the copper wires towards the outer periphery such as to accommodate round- secti¬ 
on bars for groove wear such that the winding is subjected to no pressure loading (Fi- 


Fig. 2 Punch section of a canned motor in high- Fig. 2.1 Punch section of a canned motor for 
pressure specification for system pressu- system pressures > 90 MPa 

res up to 90 MPa 

The groove wear bars must be made of a non-magnetic material with a high mechanical 
load-bearing capacity, so as to cause no additional losses [2], The remaining groove 
ends between the can and the round-section bars are given a filling of incompressible, 
cured potting resin such as to guarantee transfer of pressure loads over the whole range 
of the circumference. Punch sections of this type are used for internal pressures up to 
90 MPa. At a higher pressure loading, the base of the groove undergoes wear as illu¬ 
strated in Figure 2.1. The routing of the guide grooves for the copper wire produces a 
reduction in motor output power which can be compensated by increasing the propor¬ 
tion of copper. 

II. Compartmentalisation of the punch sections on the outer and inner supports in order to 
prevent kinking of the stator plates (Figure 3). 

III. Attachment of reinforcement rings on the outer periphery of the can in the area between 
the stator pack and the two motor sealing covers (Figure 3). This is where we exploit 
the extra space gained by the way the groove has been routed. The supporting rings 
must be made of non-magnetic material and must have a high electrical resistance. 
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Fig. 3 CompartmentaJisation and support of the stator pack 


4.1 The stator casing of the canned motor 

In order to achieve a favourable load curve, the stator casing is mostly made in the form of a 
thick-walled hollow cylinder as a semi-finished forging of material C22 8 (as per VdTUV 350) 
for temperatures up 



to 350°C or an 
austenitic stainless 
steel. Its cylindrical 
construction makes 
it easy to calculate 
the load curve as 
described in the AD 
data sheets (Figure 
4). The add-on 
components, the 
spacer with the 
pump casing and the 
motor sealing cover 
are bolted to the 
motor by means of 
concentrically arran¬ 
ged high-pressure 
expansion bolts. 

The employed seals are ring seals, cleat-section high-pressure seals or even an all-metal seal. 

4.2 Cable terminal box 

The connection terminals required for power input and the control processes are housed in a 
high pressure proof terminal box constructed for 
the corresponding pressure rating (Figure 5). 

Pressure is at normal atmospheric in the stator 
compartment, and so there is no particular load 
on the cable terminal box. However, it is speci¬ 
fied on the assumption that it may have to with¬ 
stand the system pressure and the discharge 
pressure of the pump and provide sealing in 
relation to the outside environment This is a 
safety precaution to prevent any escape of fluid 
from the motor in the event of damage to the 
can, e g. in the form of corrosion or abrasion. In 
most applications, high-pressure canned-motor 

centrifugal pumps are operating in potentially Fi 5 Terminal box in explosion-proofed and 
explosive atmospheres, such that the high-pressure specification 
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configuration of the terminal box and the stator specification must comply with the provisions 
of EN 50018 for explosion proofeness. 


5. TYPICAL APPLICATIONS AND SPECIFICATIONS OF HIGH-PRESSURE CAN¬ 
NED-MOTOR CENTRIFUGAL PUMPS 

5.1 Single-stage pumps 

In high-pressure circuits, centrifugal pumps are used to overcome the pressures encountered in 
the pipeline and in the system, such that at lower pressure heads they are usually employed as 
single-stage pumps (Figures 6 and 6.1). At fluid temperatures of up to 180°C, self-cooling 
motors of insulation class H are employed. 



Fig. 6 Single-stage canned motor pump in 
high-pressure specification 



Fig. 6.1 Illustration of canned-motor centri¬ 
fugal pump as shown in Figure 6 


5.1.1 Single-stage pumps in the high-temperature range 

Fluid temperatures of more than 180°C necessitate externally cooled motors as per 
Figure 7. An impel¬ 
ler installed in the 
canned motor pro¬ 
vides flow for a 
secondary circuit, 
via an external 
high-pressure capil¬ 
lary heat exchanger. 

The primary circuit 
can operate at tem¬ 
peratures of up to 
400°C, whilst the 
motor circuit tem¬ 
perature will not Fjg. 7 High-pressure canned-motor centrifugal pump integrated into a 
exceed 60 to 80°C. nuclear fuel rod (Te = 360°C; Q = 600 m’/h; H = 35 m; P 2 = 125 kW; 

P,nu„ = 16 MPa) 



5.2 Multi-stage pumps 

High-pressure specification canned-motor centrifugal pumps can provide the solution for the 
hardest pumping duties. The pump illustrated in Figures 8 and 8.1 has to pump a corrosive 
suspension in a continuous flow at a starting temperature of 250°C and an inlet pressure of 
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70 MPa against 45 metres of resistance from equipment and pipeline. 




Fig. 8 Sectional view of a multi-stage high-pres¬ 
sure canned-motor centrifugal pump for 
pumping of an aggressive suspension at 70 
MPa inlet pressure and 250°C. 


Fig. 8.1 Illustration of high-pressure canned- 

motor centrifugal pump as per Figure 8 


The answer is to house a multi-stage centrifugal pump in a high-pressure casing, where all 
wetted components consist of an appropriately corrosion-proofed material. A cooling casing 
is arranged between the pump and the motor in order to prevent any creep transfer of heat 
between the pump and the motor. An impeller arranged in the motor maintains a cooling 
circuit via an external heat exchanger (not illustrated here) in order to keep motor temperatu¬ 
res low and to duct away the heat given off. 

A reciprocating diaphragm pump (not illustrated here) feeds a sealing fluid into this circuit; 
a sealing fluid which is compatible with the flow product, and which is fed through a threaded 
shaft seal into the primary circuit. This prevents solid particles from reaching the rotor 
compartment. 


5.3 Tandem pumps 

If high discharge heads also have to be overcome at high system pressures - as in the 
context of liquid gas, where the flow product has to pass from a low-temperature to a high- 
temperature section of plant - then multi-stage pumps are required. At a number of stages 
greater than 6, tandem pumps are used for stress reasons (bending of shaft); see Figures 9 and 



Fig. 9 Twelve-stage canned-motor centrifugal Fig. 9.1 Illustration of tandem high-pressure 
pump in a high-pressure specification centrifugal pump as per Figure 9 

barrel construction. 
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At a pump speed of 2850 RPM, two centrifugal pumps operating in series (with a canned 
motor between them) can overcome up to 500 m discharge head, depending on the pump size. 
This range can be increased still further by frequency conversion [3], After leaving pump 1, 
the entire flow passes through the rotor compartment of the motor, dividing into two flows as 
it passes through the rotor/stator gap and the hollow shaft of the motor. This enables good 
cooling of the motor and avoids the need for a separate cooling/lubrication flow that would 
reduce the pump's profitability. 



5.4 Semi-hermetic pumps for transportation of supercritical gases 

Continuous circuits with internal pressures of 30 to 120 MPa are required as the pre-requi¬ 
site for liquid transportation in a gaseous, supercritical state of aggregation, as in the case of 
extraction of vegetable substances. In such operating states, gases reach high density values 
approaching liquidity, due to their high compression. The pressure head of a centrifugal pump 
is always expressed in metres of the pumped liquid. As density increases, so the discharge 
pressure of such a pump increases. For that reason it is possible - at normal speeds - to 
reach correspondingly high discharge pressures, although the liquid is in a gaseous state of 
aggregation. Pumps which are developed for such applications have a similar basic specificati¬ 
on to that illustrated in Figures 6 and 6.1, wherein the pump may be single-stage or multi-sta¬ 
ge. One difference is that there is a hydrodynamic 
mechanical seal in a spacer section between the 
pump and the motor (Figures 10 and 10.1). 


Fig. 10 Single-stage, semi-hermetic high-pressure Fig. 10.1 Illustration of a canned- 

canned-motor centrifugal pump motor centrifugal pump as 

per Figure 10 

The rotor compartment and the cooling system are liquid-filled. An ancillary impeller main¬ 
tains a secondary motor cooling circuit, thus sustaining the normal conditions for heat dispo¬ 
sal, thrust balancing and the hydrodynamic bearing effect. The function of the mechanical seal 
between the primary and secondary flows is to prevent uncontrolled flow of liquid into the 
flow product. A gas displacement line from the rotor to the process liquid maintains pressure 
balance and thus relieves any load on the mechanical seal (Figure 11). A pressure compensati¬ 
on tank is incorporated in this connecting line, and in the tank there is monitoring of the liquid 
level via a maximum and minimum level contact with opto-electronic sensors. When the mini¬ 
mum level is reached, liquid is automatically supplemented by a metering pump. This provides 
a simple means for monitoring the leak rate of the mechanical seal, whose pressure loading is 
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virtually non-exi¬ 
stent. This type of 
pump is called a 
semi-hermetic 
centrifugal pump, 
because it is her¬ 
metically sealed in 
relation to outside, 
but does require a 
mechanical seal 
between its exter¬ 
nal and internal 
circuits. 



Keys 1 to 10 : 

1 - Gas displacement 

line 

2 - Pressure compensa¬ 

tion tank 

3 - Liquid level 

monitoring 

4 - Pressure line 

5 - Piston diaphragm 

metering pump 

6 - Heat exchanger for 

disposal of heat 
given off by motor 

7 - Coolant 

8 - Coolant 

9 - Intake line 

10 - Mechanical seal 


Fig. 11 Differential pressure relief of mechanical seal on a semi-hermetic 
high-pressure canned-motor centrifugal pump 


5.4.1 Semi-hermetic tandem pumps 

Semi-hermetic tandem pumps are also used for supercritical gases, in the same way as 
tandem pumps are used for high system and discharge pressures as described in Section 5.3. 
In order to separate the liquid-filled rotor compartment from the gas zone, the pump is fitted 
with two mechanical seals. Accordingly, fluid can no longer be fed from pump 1 to pump 2 



Fig. 12 tandem high-pressure canned-motor 
centrifugal pump of semi-hermetic 
specification with a compensation tank 



Fig. 12.1 Illustration of tandem canned-motor 
centrifugal pump as per Figure 12 
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via the rotor/stator gap and the hollow shaft, but must pass through a separate connecting line 
(Figures 12 and 12.1) [4], 


5.5 Transportation of dual-phase mixes 

Where it is necessary to transport liquid gas fractions of differing vapour pressures, there is 
a risk that where the flow speeds up, e g. at the pump inlet, the proportion of the fraction of 
higher vapour pressure could evaporate. Similar occurrences have been observed with fluids 
in solubility equilibrium. A two-phase mix arises. In addition to the problem of the constricti¬ 
on of the liquid profile due to deposition of vapour bubbles on the suction side of the impeller 
blades, there is the danger that vapour bubbles may penetrate the rotor compartment. This 
would impede the cooling/lubrication process of the hydrodynamic shaft seal and would affect 
axial thrust balancing. In order to prevent such an occurrence, a hydrodynamic shaft seal as 
shown in Figures 13 & 14 is arranged in the casing section between the pump and the motor. 
A star-shaped impeller maintains an annular liquid lock of high dynamic density through which 
it is impossible for vapour bubbles to pass, due to their lower density in relation to the liquid. 



Fig. 13 Principle of a hydrodynamic shaft seal Fig. 14 High-pressure canned-motor centrifugal 

pump with hydrodynamic shaft seal 


6. SAFETY AND MONITORING INSTALLATIONS ON HIGH-PRESSURE 
CANNED-MOTOR CENTRIFUGAL PUMPS 

The extent of safety and control measures to be taken will depend on the hazardousness of 
the flow media, system availability, explosion prevention provisions and - last but not least - 
the cost price of the pump. 

Features include: 

I Monitoring of liquid level on the intake side 

II Winding temperature monitoring 

III Overcurrent cutout 

IV Cos-phi motor load monitor 

V Rotor position indicator 
VI Vibration meter 

VII Stator pressure monitor instrument 


All of these features can be installed as necessitated by the level of hazard, statutory require¬ 
ments and particular functional parameters. Whilst I, II, III, IV and VII are already familiar 
forms of monitor, it is worth looking more closely at facilities "V" and "VI". 
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6.1 Rotor position indicator (V) 

In the event of failure of the pump's balance of axial thrust, e g. because of cavitation or 
because of exceeding the prescribed operating range, either a visual or an acoustic alarm is 
activated or the pump is shut down, by means of an "RPM" instrument as per Figures 15 and 
15.1. This system provides inductive, contactless monitoring of any change in the axial positi¬ 
on of the rotor of the pump motor, and employs a non-ferromagnetic material probe with an 
integral ferrite core which protrudes in a cap from the motor casing and whose signal is picked 
off by a measurement value transducer The system is capable of detecting measurement valu¬ 
es from approx ±0,5 to ±1,5 mm, which are commonly referred to for monitoring of axial play 
values in canned-motor centrifugal pumps. 



Fig. 15 "RPM" Rotor Position Measurement Fig. 15.1 Illustration of an "RPM" measure- 
system ment installation as per Figure 15 



Figure 16 Canned-motor centrifugal pump for 120 MPa input pressure with "RPM" instrument 
attached 


6.2 Vibration meter (VI) 

A similar facility for diagnostics and switching to that described in Section 6.1 can be obtained 
by means of vibration meters which are attached to the motor casing and hence can also be 
retro-fitted (Figure 17). Cavitation phenomena and bearing wear will result in increased 










608 


vibration in the pump, and these phenomena can be picked up by the instrument or instruments 
and processed as switching commands. 



Fig. 17 - Canned motor in a high-pressure specification with a vibration meter attached. 


7. SUMMARY 

High-pressure specification canned-motor centrifugal pumps solve problems in areas which 
could not previously be aided by conventional pumps. Simple, space-saving construction, high 
availability, absence of emissions thanks to prevention of fluid escape and greatly reduced 
noise output are characteristics that are desired in modem industrial plant not only by opera¬ 
tors but also by legislators. 
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Multistage High Pressure Mixer-Settler System 

W. Pietzonka and Ch. Trepp 

Institute of Process Engineering and Cryogenics, 

Swiss Federal Institute of Technology, Zurich, Switzerland 


Summary 

An extraction apparatus has been developed for pressures up to 30 MPa and tem¬ 
peratures up to 120 °C, as an alternative to the counter-current column used in 
supercritical fluid extraction. The apparatus consists of five mixer-settler stages 
which are arranged in counter-current flow. Regenerative pumps are used as 
mixers to achieve an intense contact between the two phases and to create a large 
mass transfer surface area. Cyclones are used as separators to avoid back mixing. 
Previous work with a single stage module yielded a separation efficiency of about 
96%. The achieved mass transfer surface area was 2'000 - 3'000 m 2 /m 3 . The mul¬ 
tistage apparatus is currently being tested. Results of separation efficiency and be¬ 
haviour will therefore be presented at the sysmposium in October 1996. 


1 Introduction 

The use of supercritical fluids in extraction processes has become well established. 
Until now, the extraction of liquids, as for example vitamins or vegetable edible 
oils, has been carried out in countercurrent columns. Dense gases offer several 
advantages over conventional solvents such as selective dissolving power, re¬ 
duced thermal stress of the products or its physiological harmlessness. A super¬ 
critical fluid also has a density close to those for liquids, the viscosity is nearly 100 
times lower and the diffusivity is up to 100 times higher than those of ordinary 
liquids as can be seen in table 1. 



p [kg/m 3 ] 

r\ [Pa s] 

D [m 2 /s] 

Gases 0.1 MPa, 293 K 

0.6 ...2 

(1 ... 3) 10-5 

(0.1 ... 0.4) 10- 4 

Dense gases T c , p c 

200 ... 500 

(1... 3) 10-5 

0.7 10- 7 

Dense gases T c , 4 p c 

400 ... 900 

(3 ... 9) 10-5 

0.2 10- 7 

Liquids 

600 ... 1600 

(0.2... 3) 10- 3 

(0.2... 2) 10- 9 


Table 1 . Typical values of densities p, viscosities r\ and diffusion coefficients D for 
different fluids [1], where T crit and p cr j t are the critical temperature and pressure. 
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Therefore a much higher mass transfer coefficient can be expected for SFE. A 
comparison of countercurrent extraction columns using supercritical fluids with 
those using liquid solvents shows, however, that SFE-columns do not reach an 
efficiency as high as could be expected because of the solvent properties (table 2). 



HTU [m] 

HETP[m] 

Liquid-Liquid Extraction 

0.3... 6 

0.8 ...3.5 

SFE 

0.3... 1.5 

0.2... 1.2 


Table 2. FITU and HETP values for SFE and liquid-liquid extraction [2] - [4], 

The decrease of the column performance is partially caused by longitudinal mix¬ 
ing and insufficient wetting of the packing due to detachment of the liquid film 
as shown by Blaha [5]. Another disadvantage of columns is the low gas capacity 
required to avoid flooding because of the low interfacial tension and the low den¬ 
sity differences between the phases. 

To reduce the above mentioned problems the mixing and separation zones in an 
extraction apparatus can be spatially isolated from each other. On the other hand 
the largest possible surface area should be created actively to increase the mass 
transfer rates.. 

From this knowledge, the idea of using a mixer-settler system for the extraction 
with supercritical fluids was derived. The purpose of this project is to build a 
multistage high pressure apparatus and to compare the separation efficiency and 
behaviour of the new system with that for a conventional column. 


2 Apparatus 


2.1 Single stage mixer-settler system 

To meet the supercritical conditions more suitable a mixer-settler unit has been 
developed by Schaffner [2]. A regenerative pump was used as mixer to achieve an 
intense contact between the two phases and to create a large mass transfer surface 
area. This type of pump is capable of conveying gases as well as liquids and creates 
a high pressure difference which is used to separate the phases in the following 
fluid cyclone (fig. 1). 


Solvent 


Feed 



Figure 1. Single stage mixer-settler module [2] 

Schaffner coupled the unit with a conventional column in such a way that the 
system represented a single stage within the extraction column. For testing the 
module it could also be operated as a single unit. 
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2.2 Multistage mixer-settler system 

Due to the good performance of the single stage unit (see section 3) an extraction 
plant has been designed and built for pressures up to 30 MPa and temperatures 
up to 120 °C. The apparatus consists of five mixer-settler modules, as described 
above, which are composed in counter current flow (fig. 2). 



Figure 2. Simplified schematic drawing of the extraction plant (1 regenerative 
pump, 2 fluid cyclone, 3 storage tank, 4 gear pump, 5 circulation gas condensator, 
6 diaphragm pump, 7 heat recovery, 8 preheater, 9 heat exchanger, 10 cyclone sep¬ 
arator, 11 feed pump, 12 feed preheater, 13 thermostatic chamber) 

The regenerative pumps (1) consist of two double-suction impellers, each with a 
diameter of 0.036 m in series to increase the total pump head. All pumps are 
equipped with speed control and differential pressure sensors. The mixed phases 
enter the fluid cyclone (2) of 0.020 m diameter with a tangential tube entry. The 
underflow of the cyclones is connected to a small storage tank (3) with level con- 
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trol and two inspection windows. The heavy phase is pumped from this tank 
into the next stage by a small high pressure gear pump (4). The light phase leaves 
the cyclone at the top, passes an inspection glass and flows in counter current to 
the heavy phase. At the entry of every regenerative pump pressure and tempera¬ 
ture is measured. The five stages are built into an air heated thermostatic cham¬ 
ber (13) to maintain isothermal conditions. The solvent (CO 2 or CO 2 /C 3 H 8 mix¬ 
ture) is condensed and subcooled in the condensator (5). The liquefied gas is 
pumped up to the desired pressure using a diaphragm pump (6), passes through 
the heat exchanger (7) of the heat recovery and the preheating exchanger (8) to 
warm up the solvent to the desired temperature and enters the last extraction 
stage. The extract leaves at the first stage where its mass flow rate is measured. Af¬ 
ter releasing the pressure the extract passes through another heat exchanger (9) 
for a further decrease of the solubility. Then the CO 2 is separated from the desired 
product in a cyclone (10) and flows back into the condensator. 

The feed is pumped into the first stage using a HPLC-pump (11) while passing 
througha small heat exchanger (12). 

2.3 Substances 

To test the system a synthetic feed mixture of a-Tocopherol and a-Tocopherol ac¬ 
etate both of 98 % purity, were used. Vitamin E (a-Tocopherol) is one of the fat- 
soluble vitamins used as an antioxidant in the food, pharma and cosmetic indus¬ 
tries. 

The carbon dioxide had a purity 99.99 %. 

2.4 Analytic 

Samples were taken on-line and pumped through the density meter and injected 
into the SFC analytic instrument. 

The densities of both the light and heavy phase were measured using two density 
meters DMA 512/DMA 60 from Paar. 

For the determination of the concentrations of the light and heavy phases a mod¬ 
ified HPLC instrument from Carlo Erba (System 200) was used as an SFC instru¬ 
ment. The columns used were a 10 mm pre column and a 60 mm main column 
of 2 mm inner diameter packed with Spherisorb (SI 3 p). Detection was carried 
out with an UV detector at a wavelength of 284 nm. 


3 Results and Outlook 

Measurements for the singe stage module [2] showed that the regenerative pump 
is able to create a mass transfer surface area between 2000 and 3500 m 2 /m 3 at liq¬ 
uid phase ratios of about 5 %. The drop size distribution was determined and var¬ 
ied between 30 and 200 pm. The measurements were taken at the outlet of the re¬ 
generative pump with a photo camera. The calculated surface area was very high 
compared to conventional packing as shown in table 3. 

The specific surface area created by the regenerative pump was 3-7 times higher 
than that in a packed column. In addition to this, it should be noted that the col¬ 
umn packing very often is not completely wetted. 
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Column packing 

Size [m] 

Area/volume [m 2 /m 3 ] 

Montz packing B1 - 300 

- 

300 

Pall ring (random bed) 

0.015 

368 

Raschig ring (random bed) 

0.015 

378 

Rombopak 

0.100 

350 

Sulzer BX 

- 

500 

Sulzer CY 

- 

720 

Mixer-settler system investigated 

0.050 

2000 - 3500 


Table 3. Area per unit volume of different column packing [2], [4], [6] 

The maximum separation efficiency of the cyclone was determined to be 98 % by 
entraining a 2 % gas volume fraction with the liquid phase. In countercurrent 
flow in the multistage plant these 2 % of gas volume fraction and the not sepa¬ 
rated liquid in the gas phase will reduce the efficiency of the apparatus because of 
back mixing. 

To determine the module efficiency a feed mixture of 51 - 55 % by weight of To¬ 
copherol acetate was used. For the module as a single unit an average Murphree 
efficiency of 96 % was calculated [2]. The calculation was based on three concentra¬ 
tion measurements for each point. 

The multistage apparatus is currently being tested. Results of separation efficiency 
and behaviour will be presented at the symposium in October 1996. 

Some advantages of the new system compared to extraction columns are the 
higher flow rates at low volumes because no flooding problems occur and a 
much higher specific surface which leads to a better mass transfer. In addition to 
this, the start-up of the system is fast, easy and allows a broad operation range. 
Another point is the low space requirement for the plant. The complete plant 
which has a flow capacity of 100 kg/h CO 2 and up to 5 kg/h feed, has been built 
into a 3 x 3 x 3 m room . 

As a result the scale-up procedure for the mixer-settler type apparatus will be 
much more accurate compared to columns and will lead to smaller plants. 
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Energetical optimization of supercritical fluid extraction processes 

U. Sievers 

Fachhochschule Hamburg, Fachbereich Maschinenbau und Chemieingenieurwesen, 
Berliner Tor 21, D - 20099 Hamburg, Germany 


1. INTRODUCTION 

Production plants for supercritical fluid extraction of natural substances have now been in 
operation for several years. Production costs are significantly influenced by the energy 
requirement. Energy optimization may improve production economy for existing and future 
extraction plants. Results of optimization calculations were first published by Eggers |1|. 
These calculations are extended here. 


2. BASIS OF OPTIMIZATION 


The single-stage supercritical fluid extraction process for solid natural materials is shown 
schematically in Figure I . The solvent is conveyed from the low pressure to the high pressure 
by a pump or compressor V. Extraction is at pressure p„ and temperature t„ in extractor E, 
where the soluble substances are transferred from the natural material to the solvent. 
Normally, the extractor consists of several autoclaves connected in series in the solvent flow. 
In throttle valve D the solvent loaded with extract is relaxed to the lower pressure. The extract 
is separated from the solvent in separator A at separation pressure p* and temperature t*. Heat 
exchangers WI, W2 and W3 are installed to achieve the desired temperatures. 



Figure 1. Supercritical fluid extraction process for solid natural materials. 
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Four different types of processes are investigated here. These can be derived as special 
cases of the process of Figure I: 

Process 1: Process without heat exchanger Wl; extraction temperature 4 , equals the solvent 
exit temperature t 2 of the pump or compressor V; 

Process 2: Process without heat exchanger W3; separation temperature t* equals the solvent 
entrance temperature t, of the pump or compressor V; 

Process 3: Process without heat exchangers Wl and W2; extraction temperature t„ equals the 
solvent exit temperature t 2 of the pump or compressor V, separation temperature 
t* equals temperature t 5 behind the adiabatic throttle valve D; 

Process 4: Process with separation at subcritical pressure. 

The extraction of hops with solvent CO, is taken as an example here. Process calculations 
are made for the stationary process, i.e. the process without non-stationary pressurization and 
pressure release required when solids are batch-processed. Calculations are performed for pure 
fluid C0 2 with thermodynamic properties taken from Sievers |2| under the following 
assumptions: 

- Pressure increase in the pump or compressor V is adiabatic with an isentropic compression 
efficiency factor t] sV = 0.9. 

- Pressure drops in pipelines and equipment are negligible. 

- Changes in kinetic and potential energy are negligible. 

- Heat is removed from the solvent C0 2 within the extraction plant to the surrounding air. 
At temperatures of 27.5 C and above, heat transfer is direct, using only a cooling tower, 
whilst at lower temperatures a refrigeration plant with cooling tower is employed. The 
temperature of cooling water from the refrigeration unit is 5°C lower than the lowest C0 2 
temperature, and the refrigerant evaporation temperature is 5°C below the lowest cooling 
water temperature, so that the refrigerant evaporation temperature is 10°C lower than the 
lowest C0 2 temperature. The refrigerant used is NH 3 . It is condensed at 27.5°C in an air¬ 
cooled condenser. 

The process calculations yield the mechanical work for the pump or the compressor of the 
extraction plant and the compressor of the refrigeration unit, in case this unit is necessary, the 
heat transferred to the C0 2 in the extraction cycle, and the heat transferred via the cooling 
tower to the surrounding air. The results per kg C0 2 are converted to data per kg hop extract 
making the assumption that C0 2 saturated with hop extract exits the extractor and the 
separator. The mass of extract yield per kg cycled C0 2 is given by the difference AY in the 
corresponding solubility data. The solubility of hop extract in C0 2 is taken from Sievers and 
Eggers |3], Finally, the overall energy costs per kg hop extract are calculated on the basis of 
the following energy costs: 

Heating by steam or hot water: 19 10^ DM/kJ 
Cooling by cooling tower: 6 10 9 DM/kJ 

Mechanical work: 13 10 2 DM/kWh. 

Since solubility data for hop extract in C0 2 is available only for pressures up to 300 bar, 
energy requirements are calculated for extraction pressures p„ of 200, 250 and 300 bar. The 
investigated extraction temperatures t„ are 40, 60, 80 and 100 °C. Separation pressures p« are 
80, 90, 100, 120 and 150 bar for Processes 1 to 3 and 60 bar for Process 4. Separation 
temperatures t* are 30 and 40 °C for Processes 1, 2 and 4. 
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3. RESULTS 

The results of the calculations for each process with the mentioned extraction and 
separation pressures and temperatures are ranked according to their overall energy cost. Table 
1 and Table 2 show the ten Process 1 and Process 3 variants whose energy costs are lowest. 


Table 1. 

Energy costs K for supercritical fluid extraction of hops with C0 2 according to Process 1. 


p„ pse t„ t* t, AY 100 K 

o o o 


bar 

bar 

C 

C 

C 

g hop extract/kg C0 2 

DM/kg hop extract 

300 

120 

60 

40 

36.38 

66.4 

1.36 

300 

150 

60 

40 

41.22 

57.0 

1.42 

300 

100 

60 

40 

32.77 

72.2 

1.53 

300 

80 

60 

30 

28.73 

71.2 

1.57 

300 

90 

80 

40 

37.24 

75.4 

1.63 

300 

90 

60 

30 

30.81 

68.4 

1.65 

250 

120 

60 

40 

39.80 

41.2 

1.67 

250 

100 

60 

40 

35.60 

47.0 

1.70 

300 

100 

80 

40 

40.63 

72.2 

1.71 

300 

150 

40 

30 

26.27 

39.6 

1.74 


Table 2. 

Energy costs K for supercritical fluid extraction of hops with C0 2 according to Process 3. 



Pse 


fe 

t, 

bar 

bar 

°C 

“c 

'c 

300 

150 

60 

48.48 

41.22 

300 

150 

80 

61.14 

54.04 

300 

120 

60 

43.57 

36.38 

250 

150 

60 

50.22 

45.33 

300 

120 

80 

52.86 

46.57 

300 

100 

60 

39.13 

32.77 

300 

90 

60 

36.38 

30.81 

250 

120 

60 

44.91 

39.80 

300 

150 

100 

73.44 

65.25 

300 

80 

60 

33.12 

28.73 


AY 100 K 

g hop extract/kg C0 2 DM/kg hop extract 


62.3 

1.20 

70.5 

1.20 

68.8 

1.31 

38.1 

1.38 

74.4 

1.39 

71.7 

1.41 

73.4 

1.45 

45.7 

1.51 

64.2 

1.52 

73.3 

1.53 









618 


Process costs are influenced by various factors which are mutually dependent, so that it is 
not initially clear which extraction and separation conditions are the most favourable. A large 
value for AY is favourable, since the yield of hop extract per kg C0 2 is then high. A low 
pressure ratio p„/p* is also favourable, since the mechanical work for compression is then 
small. Solubility data are however most favourable for extraction when the pressure is high, 
whilst conditions for separation are most favourable at low pressure. A low initial compressor 
temperature t, is favourable, since the mechanical work is then small. Too low a temperature, 
however, requires a refrigeration unit which increases the mechanical work requirement and 
is thus unfavourable. 

It is found that, for Processes 1 to 3, the most favourable variants generally employ 
temperatures of 60°C or 80°C. These are the temperatures at which hop extract has its highest 
solubility at the pressures of 250 and 300 bar. The most favourable variants do not, however, 
involve the expected separation conditions at the lowest solubility values. At low separation 
pressure, the solubility is indeed very low, but the pressure ratio p«/p K and therefore the 
mechanical work of compression is greater, making such a variant more unfavourable than 
a variant at higher separation pressure. This applies to the Processes 1 to 3. The most 
favourable variants are thus often those with a separation pressure exceeding 100 bar. 

Comparison of the three processes reveals that costs scarcely differ between Processes 1 
and 2. The costs K of the first ten variants lie in the range 0.014 - 0.017 DM/kg hop extract, 
whilst the first ten variants of Process 3 cost approximately 0.002 DM/kg hop extract less. 
It is thus an advantage that the separation temperature in Process 3 is achieved by pressure 
release alone, without adding or removing heat. Table 2 includes separation temperatures 
which often considerably exceed 40 °C. 

For purposes of comparison, some supercritical fluid extraction processes have been 
calculated in which the extract is separated at the subcritical pressure p* = 60 bar (Process 
4). Such a process corresponds to that in Fig. 1 with the difference that a pump is employed 
to increase the pressure from state 1 to state 2, since the C0 2 is cooled down to 17°C after 
separation, i.e. is present in the liquid state before the pressure is increased. Even for the 
most favourable variant with K = 0.062 DM/kg hop extract, the operating costs for this 
process are significantly higher than for processes employing supercritical separation. They 
can be reduced significantly by heat recovery with a heat pump as published by Sievers and 
Eggers |3|. 

Figure / shows the overall costs K for Process 3 as a function of the separation pressure 
p* for extraction temperatures t,., between 40 and 100°C. As the separation pressure increases, 
the overall costs K decrease. The saving in mechanical work outweighs the effect of more 
unfavourable separation conditions at higher separation pressures. The process is more 
efficient because no heating is necessary, and furthermore, simple pressure release results in 
a temperature favourable for separation. The same trend is observed when energy costs for 
mechanical work are about 25 % higher or lower, i. e. 0.10 DM/kWh or 0.16 DM/kWh.. 

Figure 2 and Figure 3 show the comparison of Processes 1 to 3 when the extraction 
conditions are 300 bar and 60 °C or 80 C. The most favourable variants of these three 
processes operate at one or other of these temperatures, thus permitting ready comparison of 
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the processes under these conditions. It is clearly seen that the costs for Processes 1 and 2 are 
very similar when the process conditions are the same, particularly at higher separation 
pressures. For a separation temperature of 30°C, both processes become more costly as the 
separation pressure is increased. The operating costs for Process 3 are the lowest under all 
process conditions, and fall steadily as the separation pressure increases. 



Pse / bar 

Figure 1. Energy costs K in DM/kg hop extract for supercritical fluid extraction of hops with 
C0 2 according to Process 3. 



Pse ! bar 

Figure 2. Comparison of energy costs K in DM/kg hop extract for supercritical fluid 
extraction of hops with C0 2 according to Processes 1 to 3. 
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Figure 3. Comparison of energy costs K in DM/kg hop extract for supercritical fluid 
extraction of hops with C0 2 according to Processes 1 to 3. 
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A New Design of a Multi-Purpose Plant for Extraction of Liquids with Super¬ 
critical Fluids 

O Becker, E, Weidner, R Steiner 
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D-91058 Erlangen 

As reported in a lot of reviews, extractions with supercritical solvents have a very promising 
commercial potential Until now the commercialization is mainly restricted to batchwise ex¬ 
traction of solids with carbon dioxide (e g decaffeination of coffee and tea, extraction of hop) 
Laboratory experiments and operation of small-scale pilot plants gave favourable economic 
values for continuous extraction of liquids with C0 2 and other gases Only a few extractions 
with C'0 2 or C 3 H 8 are performed already on a small industrial scale. For research purposes and 
product development a new high pressure counter-current extraction plant was erected To get 
greater amounts of product the explosionproof plant was constructed in pilot scale using a 
special modular concept and an effective visual control system 


1 BASIC THERMODYNAMICS 

The plant is not only designed for the 
usage of carbon dioxide, but also for pro¬ 
pane and other combustible gases Carbon 
dioxide and propane were taken as bound¬ 
ary cases to get the basic design data for the 
necessary heat exchangers. 

The circular process of extraction, re¬ 
generation and recompression for the dif¬ 
ferent extraction gases is shown in Figure 1 
and Figure 2 

As condition of extraction with C0 2 a 
pressure of 150 bar and 50°C was assumed 
The separation of the dissolved substances 
4 takes place in the first regeneration column 
at a pressure of 65 bar The first expansion 
leads into the two-phase region, visible in 
the T-S-Plot Therefore it is necessary to 
supply a sufficient amount of heat to vapo¬ 
rize and overheat the extract phase to an estimated temperature of 30°C To reach a complete 
regeneration as well as to have the possibility of a fractionated precipitation (especially with 
multicomponent systems), a second regeneration column is connected There the extraction 
medium is further depressurized to 50 bar and heated to a temperature of 40°C. To recompress 
the regenerated C0 2 it is of advantage to rise its density through a water-cooled heat exchan¬ 
ger. Because the cooling-water temperature may not be low enough, the two phase region can 
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1 1 c| probably not be reached. In this case an 

additional cooler after the recompression 
unit is necessary to attain extraction 
conditions. 

Particularly extractions of fatty sub¬ 
stances are carried out with propane in 
high pressure liquid/liquid mode. Although 
this extraction medium may be used in su¬ 
percritical condition, this limiting case of 
liquid/liquid extraction was considered for 
design, because the required vaporization 
heat is maximized. The extraction is op¬ 
erated at a pressure of merely 80 bar and a 
temperature of 55°C. The further steps are 
the first decompression, evaporation and 
overheating to vapour conditions at 15 
bar, 65°C followed by the second precipitation at 10 bar, 65°C. Afterwards the vapour will be 
liquified through condensation, recompressed and - in this case - reheated to extraction condi¬ 
tions. 


4,7 5,0 

S |kJ/kj> K| 

Figure 2: Circular process Jor extraction with 
propane in a T-S-scheme 
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2 CONSTRUCTION 

The extraction plant was designed for 160 bar maximum pressure and an upper temperature 
limit of 180°C. All parts which have to withstand pressure are made of 1.4571 stainless steel 
The main extraction column comprises 5 segments with 1,5 meters length each. The packed 
height of the first regeneration column is 3 meters, the second regeneration column contains 
1,5 m packing. The inner diameter of all columns is 67 mm. 

2.1 Flowsheet 

Figure 3 indicates the complete flowsheet of the multi-purpose high pressure extraction 
plant. In the following its functional units are described in more detail. 

2.1.1 Feedline 

The feedline is planned in a way that even high melting, high viscous or oxidation sensitive 
substances can be fed into the column. The feed vessel has a temperature controlled wall and 
bottom heating. It is equipped with an inert gas pipe to prevent the feedstock from oxidative 
reactions. A stirrer ensures a constant heat transfer from the walls to the feed bulk 

The feed tank is mounted on the ceiling using chains and a weighing cell. Continuous weig¬ 
hing of the feed vessel stands for an exact mass balance not influenced by pulsation of the feed 
pump, volumetric or viscosity effects To ensure that the connected feed pipes do not block 
with solidifying liquid they are equipped with an explosionproof electric heating wire which 
holds an adjustable temperature 

After the feed-pump, a reciprocating plunger pump, a static mixer is installed where the feed 
liquid can be presaturated with extraction solvent. This is useful for high viscous feedstocks, 
because their viscosity can be lowered by dissolving gases under pressure. The presaturated 
feed subsequently flows through a heat exchanger (WT5) where its temperature is adjusted to 
extraction conditions. Behind that heat exchanger the feed is dosed into the extraction column 
at the selected height. 





Figure 3: Flowsheet of the extraction plant 
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2.1.2 Extractant Circuit 

The extractant enters the main column above the bottom vessel. After the mass transfer, the 
loaded gas leaves the extractor at its top. A combination of expansion valve (RV1) and heat 
exchanger (WT1) is needed to adapt the loaded gas to regeneration conditions. 

To investigate the effectivity of the installed wire mesh packing in the first regeneration col¬ 
umn, the loaded gas can be fed at the bottom section or in the middle of the column. The par¬ 
tially regenerated gas leaves through the top of the column and is again expanded (RV4) and 
heated (WT2) to reach a complete regeneration. 

Subsequently the pure extraction gas flows through a heat exchanger where it is indirectly 
cooled with water to rise its density When possible, it is intended to get a liquid phase which is 
collected in a connected buffer vessel (KP) The installed membrane compressor is able to 
pump gas as well as highly compressible liquids, which are withdrawn from the buffer vessel 
To achieve a maximum flexibility with respect to extraction medium and operation parameters 
a cooler (WT6, for gas phase recompression) or a heater (WT4, for liquid phase recompres¬ 
sion) can alternatively be used to bring the recompressed solvent back to extraction tempera¬ 
ture. Before it is entering the main column a side stream is removed for the feed presaturation. 

2.1.3 Product Removal and Reflux 

The bottom vessels of all described columns are intentionally of small volume to minimize 
the column hold-up. This is particularly of advantage when extract reflux is withdrawn from 
the first regeneration column to the head of the main extraction column, because the time for 
reaching stationary operation conditions is shortened. The bottom products of all columns are 
removed continuously through pneumatic controlled valves, which get their signal from ca¬ 
pacitive level indicators. 

In many cases it is desirable to obtain the raffinate or even the extract in form of a solid 
powder. Applying the PGSS-method, it is planned to investigate the possibilities of powder 
generation with different substances of technical significance. Hence a spraying system is in¬ 
stalled which can be used to generate fine dispersed particles. The product vessels of extraction 
and first regeneration column have been designed in a way, that they can be used as spray tow¬ 
ers. 

2.1.4 Gas Refill System 

As products are removed from the extraction and regeneration columns, gas losses are un¬ 
avoidable. To maintain constant pressure within the extraction system a refill mechanism is in¬ 
stalled, which takes the state of gas into account 

The regenerated extraction gas leaves the second regeneration column at its head and is 
cooled down in (WT3) to a temperature of approximately 20°C. Depending on the type of ex¬ 
traction solvent the buffer vessel (KP) contains liquid phase in equilibrium state with gas or 
merely gas of high density. In the last case a pressure controlled pneumatic pump feeds fresh 
solvent into the circular process. If a gas/liquid equilibrium is achieved in the buffer vessel the 
gas pressure remains constant until a minimal amount of liquid remains there. For this purpose 
two optical sensors are introduced into the buffer vessel registrating the minimum and maxi¬ 
mum extraction liquid level. If the level falls below minimum, fresh liquid extraction solvent is 
refilled. 

2.1.5 Heat Exchanger and Heat Supply System 

The plant contains four energy requiring heat exchangers and four jacket heatings. Due to 
safety considerations, energy is delivered by heat transfer oil heated up in two thermostats of 
34 kW capacity together. Empirically the heat exchanger after the first expansion step needs 
the most energy, because vaporization enthalpy has to be brought into the gas (WT1). In the 
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face of a calculated energy consumption of 10 to 16 kW depending on extractant and opera¬ 
tion conditions, this heat exchanger is provided exclusively by one of the thermostats. 

To realize a fairly good heat transfer, the heat exchangers WT1, WT2 and the cooler WT4 
have been designed as spiral tube heaters having lm 2 of exchange area. The spiral is made of 
40 m pressure resistant tube. It is inserted in a cylindrical shell with an omitted centre to en¬ 
large the turbulence of the streaming heat transfer oil through minimization of hold up All 
other heat exchangers are of tube bundle type. 

The temperature of all oil provided heating devices is controlled by pneumatic regulation 
valves. A good constancy of temperature can be realized, if oil throughput is fairly constant. 
Therefore at each of the two heating circuits valves are installed to keep the oil pressure on the 
pressure side of the thermostats constant at an adjustable level. 

2.2 Mass Transfer Packings 

The extraction column as well as the regeneration columns will be filled with different types 
of mass transfer packings. It is planned to install commercial packings (e g. Sulzer Optiflow ') 
as well as a new type of knitted wiremesh packing. It is made of a monofilament wire with 
rectangular crossection Different types of these packing elements gave fairly good results in 
rectification and normal pressure liquid/liquid extraction service. 

2.3 Modular Concept 

Through its modular design the plant 
allows to react flexible on different feed 
substances and experimental require¬ 
ments Between the column segments 
multifunctional sections are inserted. 

They allow to install all kinds of measu¬ 
rement devices including windows or 
optical light absorption cells. 

To permit the fast change of packing 
elements as well as to inspect or clean 
the column internals, all column seg¬ 
ments can be removed easily without 
dismantling the whole column The 
principle is shown in Figure 4 A hy¬ 
draulic lifting system is installed to ele¬ 
vate the upper part of the column. The 
respective column segment is placed on 
a Small carriage, rolling on two Steel Figure -I: Principle of removing a single column segment 
girders mounted on the wall After the without dismantling the whole column 

screws are removed the segment can 

easily be pulled out To allow the elevation of the column fast and without time expensive 
preparations all connecting pipes are flexible. 

3 INSTRUMENTATION 

The plant is equipped with an Eurotherm T100® process control system. 21 control circuits, 
44 temperature signals, 4 level indications, 4 pressure signals, 4 mass flow indications, 4 pumps 
and 12 control valves are processed, regulated and indicated with a computer system Samples 
can be withdrawn from all important pipes and all column insertion sections. 
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3.1 Control System 

The regulation of heat exchangers and heating jackets is performed by pneumatic regulation 
valves. It is realized by sequential PID controllers taking into account the oil temperature as 
well as the gas medium temperature. 

If the state of the extractant after the expansion is in the two phase region (v/1), it has to be 
evaporated. To ensure that only gas phase leaves the heat exchanger, two thermoelements are 
used to compare inlet and outlet extractant temperature. If the extractant is overheated to a 
certain adjustable difference a full evaporation can be assumed. 

Mass flow measurements are required for several control circuits and for balancing the ex¬ 
periments. For a maximum flexibility, gauges have been installed which measure the mass flow 
via the Coriolis-forces. The mass of the feed vessel is continuously measured by a weighing 
cell. The integrated weight loss is used to control the frequency of the feed pump 

The pressure control system is directly connected to the gas refill system. Pressure is meas¬ 
ured by pressure gauges at the top of each column. It is kept constant by the subsequently in¬ 
stalled pneumatic regulated expansion valves. If the pressure of the second regeneration col¬ 
umn becomes too low the gas refill system is activated (see chapter 2.1.4). 

For continuous product removal each column is equipped with a capacitive level indicating 
sensor. Their sensitivity can be adjusted to the concerning extract and raffinate dielectricity 
constants 

3.2 Safety Precautions 

All electrical signals are transferred into 4-20 mA signals. To ensure explosion safety, zener 
barriers are connected between every sensor or controlling equipment and the process control 
system. The plant is erected in a high pressure shelter equipped with a heavy gas fan, which 
avoids the accumulation of combustible or suffocating gases. Safety valves are installed on top 
of each column. Their exhausting pipes are leading to a flare where combustible components 
are incinerated 

Especially in the main extraction column, experience has shown, that solidified feedstock 
can block the column crossection. Because pressure was only measured at the top of the col¬ 
umn, the containing packings have been compressed and destroyed by the force of pressure of 
the circulating extractant gas To avoid such breakdowns, another pressure gauge was installed 
at the entrance of the extractant gas If the pressure difference between top and bottom of the 
main column exceeds an adjustable value, the extractant gas pump is turned off 


4 CONCLUSION 

The new high-pressure counter current extraction plant has various possibilities to investi¬ 
gate supercritical extraction processes. With 7,5 meters packed height of the extraction column 
and two regeneration columns of 3 meters and 1,5 meters height the plant is designed to solve 
even difficult extraction problems The inner diameter of 67 mm permits to produce greater 
amounts of product which can be removed in liquid state or - if possible - as powder. Its 
modular concept allows to react flexible on the different requests due to high viscous, high 
melting or oxidation sensitive substances 
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Safety in Supercritical Operations 

J.Y. CLAVIER, M PERRUT 

SEPAREX, B.P 9 - F-54250 CHAMPIGNEULLES 

Most supercritical fluid operations do present specific hazards that operators shall take 
into account : Based on our long-term experience of operating and manufacturing 
supercritical fluid equipment, we present a list of these various hazards and how to avoid 
them : 

- "Mechanical hazards" : high pressure explosion/rupture, corrosion,frit, plugging .... 

- "Thermodynamical" hazards : dry ice formation, BLEVE phenomenon ; 

- "Chemical" hazards : co-solvent, N 2 O, corrosion, products,... 

- "Biological" hazards : CO 2 , co-solvent, product aerosols, bio-materials contamination,... 

- "External" hazards : fire, electricity failure, control failure. 

We will also describe some "traps" that must be avoided by an adequate design and wise 
operation : Pressure control before vessel opening, plugging of tubings, gauges/instruments 
or frits, leak cure.. 


1. INTRODUCTION 

Equipments handling supercritical fluids and liquefied gases present important hazards that 
must be taken into account both for equipment design and construction and for operation and 
maintenance. Safety considerations must influence any technical choice and operation and a 
detailed analysis of potential hazards must be specifically conducted for any case. In this 
paper, we would try to list the different classes of hazards and how to cope with them, so that 
both the process designer and the operator be informed. 


2. MECHANICAL HAZARDS 

Obviously, any pressure vessel presents a rupture hazard. However, both design standards 
and official tests that are enforced by state agencies (or equivalent), in combination with strict 
inspection procedures limit this hazard to a quasi-zero level, especially on large-scale units. 
But, some mechanical hazards are often underestimated, especially on R&D multipurpose 
equipments : 

- Corrosion : as many products are handled, it might happen that some of them do induce 
corrosion causing cracks and local weakness of the metal. 
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-Plugging : 

Most solid-fluid extraction equipments use baskets closed by frits ; on large scale units, 
frit plugging causes frit breakage on decompression but, on lab or pilot-scale equipments, 
the frit may not break : then, even if the autoclave decompression seems effective, 
compressed CCb may remain in the basket ; on autoclave opening, the basket may be 
brutally ejected and/or may explode. 

So, we strongly recommend to be extremely prudent when the treated material could lead 
to frit plugging : polymers, "sticking" materials, highly viscous extracts,.... 

Anyway, in all cases, especially on lab or pilot scale units, it is better to wait around 5 to 
10 minutes after autoclave decompression before opening the autoclave, so that CO 2 have 
time to exit from the basket, even through a plugged frit. 

- Tubing connection rupture : 

Double-ring connections are commonly used on most small scale equipments, when the 
service pressure is below 400 bar. These connections are perfectly safe and reliable when the 
screwing procedures are strictly followed. Otherwise, the rings are not strongly attached to 
the tubing and a brutal rupture may occur on pressurization. 

We recommend to always verify the good setting of the connections rings prior to high 
pressure use. 

- Metal fatigue : 

The life duration of high pressure vessels is linked to the number of pressurization/ 
depressurization cycles. Commonly, autoclaves are authorized for 10 000 to 20 000 cycles, 
depending on their design. 

On large scale units that are intensively used, a leaded counter must be installed to verify 
the cycle number and to stop any operation after the limit number is reached. 

- Metal fragilization : 

As carbon steel exhibits much better mechanical properties than stainless steel, large scale 
pressure vessels are commonly built in carbon steel covered by an internal stainless steel 
cladding. As carbon steel may be subject to phase transition, it becomes brittle when 
temperature decreases below -20°C ; so it is absolutely necessary to avoid such low 
temperature "exploration" during depressurization. In fact, adiabatic CO 2 decompression to 
atmosphere leads to very low temperature and CO 2 ice formation. So hot fluid circulation in 
the autoclave jacket and a "controlled" decompression could easily eliminate this hazard. 

However, it is recommended to set a temperature captor inside the autoclave wall near 
the autoclave bottom where the lowest temperatures may occur, so that the temperature 
limit fixed by the autoclave design be not reached ; otherwise, the autoclave must be 
replaced. Another hazard might also appear on these stainless steel cladded autoclave if this 
cladding is perforated or cracked and CO 2 corrodes the carbon steel (in presence of water); 
so a strict inspection must be made frequently to ensure that no such cladding perforation 
occurs. 
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3. THERMODYNAMICAL HAZARDS 

- Dry ice : 

As said earlier, CO 2 handling often leads to drastic temperature decrease and tubing 
plugging by water, products or dry ice itself. This plugging might be dangerous when 
occurring in basket frits, captors tubings, or vent line from safety valves/rupture disks to 
atmosphere. In order to eliminate this vent line plugging that, in fact, cancels safety devices 
operation, it is necessary to over-estimated this vent line diameter and design it carefully. 

- B.L.E.V.E . : 

This means "Boiling Liquid Expanding Vapor Explosion" and characterizes the physical 
explosion of a liquefied gas/supercritical fluid that is brutally decompressed to atmospheric 
pressure, in case of pressure vessel rupture or opening. Catastrophic BLEVE occurred when 
liquefied petroleum gases vessels burst (Mexico, Feyzin,...), followed by the "chemical" 
explosion due to gas cloud inflammation. In fact, this hazard is directly linked to metal 
weakening in case of fire around the vessel(s). It is the reason why it is recommended to 
install fire detectors that could order immediate depressurization of the whole plant in case 
of fire. 

- Safety valves/Rupture disks : 

The safety system design is often poor as very few experimental validation with liquefied 
gases/supercritical fluids have been published until now. We did operate some 
measurements of flash discharge of liquid/supercritical CO 2 from pressure vessels and 
proposed a simple model for mass flux evaluation [ 1 ] ; these results can be used for safety 
systems design. 


4. CHEMICAL HAZARDS 

-N 2 0 : 

As no consensus has been yet driven among the scientific community regarding N 2 O 
comburant behaviour under high pressure, in relation with explosions possibly linked to 
organic compounds oxidation by supercritical N 2 O, we recommend to use N 2 O with 
extreme case when contacted with flammable products. 

- Flammable fluids, co-solvents, products : 

Explosion proof equipments, buildings and procedures must be enforced when flammable 
fluids are handled, especially for light hydrocarbons. Explosion atmosphere sensors have to 
be installed, and connected to high power fans and to fluid reservoirs stop valves. 
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- Corrosion 


As said earlier, this hazard must be evaluated prior to treating any fluid/co-solvent/raw 
material in the equipment. A considerable corrosion hazard is related to supercritical water 
oxidation equipments, where special alloys are required. 


5. BIOLOGICAL HAZARDS 

- Asphyxia : 

Most supercritical fluid equipment use CO 2 : non toxic, non flammable, it is particularly 
safe. However, CO 2 build-up in closed rooms could lead to people asphyxia. It is the reason 
why all possible CO 2 emissions (exit valves, safety valves, rupture disks,...) must be 
collected in a "over-dimensioned" vent line ensuring a good dispersion of the gas in the 
outside atmosphere. Moreover, it is highly recommended to install CO 2 detectors in the 
equipment room but also in any connex room, for action on high power fans and operators 
information. Anyway, it is preferable not to operate an equipment in rooms located over 
other rooms, especially underground cellars, where CO 2 that is heavier than air may 
accumulate. 

- Chemical and biochemical toxicity : 

Handling any co-solvent or raw material or fluid that presents a danger in terms of 
chemical toxicity or pathogenic agents must lead to drastic care as supercritical fluid 
equipments work at high pressure with possible leaks at any moment. It is to be noticed that 
fluid leakage often leads to aerosol formation (droplets of extract, co-solvent, fluid in the 
gas flux), that are easily absorbed when breathing. In particularly dangerous cases, it is 
necessary to isolate the equipment in a closed room with operation through a remote 
automation system. Moreover, in these cases, environment must be protected by liquid and 
gaseous effluent treatment and equipment cleaning and/or sterilization. 


6. SOME FINAL ADVICES 

As far as supercritical fluid equiments are concerned, safety must be taken into account at 
any moment : equipment design, building and installation, operation, inspection and 
maintenance,.... 

But we would stress on the fact that a key for a safe and reliable operation of a 
supercritical fluid equipment consists of a very cautious training of the operators, in close 
relation with the equipment designer and supplier. 
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Such training should avoid that they fall in various "traps" that could lead to accidents, 
among which we could cite : 

-Never "over-screw" a leaking nut, as CO 2 leakage causes a very sharp temperature 
decrease and leak cure is not possible, with potential risk of nut break and metal piece 
ejection; 

- Be prudent after vessel decompression if exists a risk of plugging ; wait several minutes 
before opening a decompressed autoclave ; 

- Verify the reliability of the instruments (especially pressure gauges) ; be prudent on 
instrument indications especially if "plugging" materials are handled ; 

- Always check what could happen in case of electrical power or instrument air failure ; be 
sure that in case of electrical power/instrument air recovery, nothing hazardous will occur; 

- Never modify an equipment without the consent of the original manufacturer and never 
introduce "new" type of spare parts without his approval ! 


7. CONCLUSION 

Supercritical fluid technology is potentially hazardous and should not be used by 
"beginners" is ; very often, home-designed and home-made equipments do not incorporate all 
the safety levels that are required, according to us; moreover, it is extremely important that 
operators be trained by specialists prior to work on supercritical fluid equipments. 

A detailed information exchange between the equipment supplier and user should be the 
key for a reliable and safe operation, both for lab/pilot scale versatile equipments and for large 
scale dedicated units. 
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Endurance Prediction of Thickwalled High Pressure Components 
under Corrosion Fatigue Conditions 

G. Vetter, L. Depmeier 

Lehrstuhl fur Apparatetechnik und Chemiemaschinenbau, Universitat Erlangen- 
Niirnberg, Cauerstr. 4, D-91058 Erlangen 

1. INTRODUCTION 

In many high pressure applications for reaction or separation processes or when 
using high pressure as a tool for cleaning, cutting or deformation of parts, more or 
less corrosive liquids have to be pumped against pressures in the range of roughly 
300 - 3000 bar. The high pressure components between the pump check valves - the 
pump cylinders or working chambers - are submitted to pulsating pressures resp. 
stresses of large amplitude. The usual features of thickwalled components are varia¬ 
ble with application and production methods (Fig. la-c), which is in general connec¬ 
ted with more or less large stress risers at the intersection locations of bores [1]. 
There are theoretical and experimental data available for the determination of ap¬ 
proximate stress concentration factors (survey [2]) and in addition modern FEM 
computations is yielding the thickwalled components. 






Fig. 1: Typical features of thick-walled high pressure components 
a) T-intersection b) Y-intersection 

c) ball/cylinder-intersection d) no intersection 
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The design of thickwalled components for pulsating pressure is based on the stress 
calculation with analytical or numerical methods and the determination of the 
maximum equivalent stress in relation to the admissible stresses at uniaxial condi¬ 
tions. The latter have to be extracted from Woehler-tests with specimen. If the 
stresses yield too large at load conditions including a safety factor, the design must 
be optimized by avoiding the major stress concentrations at bore intersections. The 
avoidance of T-intersections is reducing stresses by factor 2-3 (Fig. Id). 

Fatigue data of corrosion resistant steels and other relevant high strength materials 
are easy available for non-corrosive ambiance (air, oil). For the large variety of liquids 
applied in production processes the data have to be evaluated from special fatigue 
tests with corrosion cells. This paper answers the question if such uniaxial test results 
can be applied for the real component design in order to meet three-axial corrosion 
fatigue reality well. 


material no. 

name 

R P0,2 

N/mm 2 

Rm 

N/mm 2 

A 

J 

1.4596 (HDVI) 

X5CrNiMoCu 258 

548 

739 

256 (DVM) 

1.4462 

X2CrNiMoN 225 

522 

681 

243 (ISO-V) 


%C 

Si 

Mn 

mm 

S 

Cr 

Mo 

Ni 

N 

Cu 

1.4596 (HDVI) 

0.012 

0.27 

1.27 

0.012 

0.003 

25.3 

2.5 

8.32 

- 

1.41 

1.4462 

0.021 

0.54 

1.7 

0.021 

0.004 

22.12 

2.95 

5.34 

0.0921 

- 


Table 1: Data of the test materials 


2. METHODS AND TEST CONDITIONS 

With regard to pump applications for high pressure processes two modern austeni¬ 
tic-ferritic (duplex) Chromium-Nickel steels (ESU quality) have been investigated 
(Table 1). All test specimen have been extracted from all-over forged bars (Fig. 2 and 
3). The stress situation in pulsatingly loaded thickwalled pump components is 
simulated by the cross-bored pipe specimen (Fig. 3d). The uniaxial tests are carried 
out with bar specimen (Fig. 3a-c) for pulsating (R = 0) and reversed bending stress (R 
= -1). It should be pointed out, that the stress situation in cross-bored thickwalled 
pipes is triaxial and rather complex. At the relevant high pulsating pressures local 
plastification of the material must be expected [2] which is implementing autogene- 
ous autofrettage effects. 

A further speciality to mention is the test fluid (GM67): The pulsating pressure tests 
are carried out with a plunger pulsating machine (Fig. 4) [3], the plunger (Bridgman) 
seal of which requires a certain lubricity of the liquid. Therefore a corrosive mixture 
of Glycerol (67 %) and sea water (33 %) was choosen (artificial sea water: 28 g NaCl, 
7 g MgS0 4 • 7 H 2 0, 5 g MgCl 2 • 6 H z O, 2,4 g CaCl 2 • 6 H 2 0, 0,2 g NaHC0 3 and 985 ml 
destilled water). 

All specimen are fully wetted (Fig. 5) by the corrosive test fluid (exception R = -1 
probes which were only sprayed). The surface quality of the specimen - honed resp. 
polished - is well comparable to the finish of real pump components. 










































Fig. 5: Corrosion cell (R = 0) 
1 specimen, 2/3 cell 


Fig. 3: Specimen 
a) dynamic (R = 0), b) static, 

c) dynamic (R = -1), 

d) thickwalled crossbored pipe 
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Further charac¬ 
terizations of 
the specimen, as 
residual stresses 
and electro¬ 
chemical analy¬ 
sis, have not 
been performed 
as it is normally 
the case for real 
pump compo¬ 
nents. 


Fig. 4: Plunger pulsating machine 

1-8 pulsemachine, 9 pipe specimen, 
10-11 reference pressure supply 


3. RESULTS 

3.1. Austenitic-ferritic Chromium-Nickel Steel X5CrNiMoCu255 (W.No. 1.4596) 

The duplex steel obtains the corrosion resistance from Cr, Ni and Mo. The strength 
and toughness can be attributed to the interstitial carbon solution, the solid solution 
hardening and the fine grained austenitic phase. 

The Cu contents promotes the generation of fine grained austenitic phase and the 
corrosion resistance. 

The specimen (R = 0, R = -1) demonstrate clear effects of corrosion fatigue (Fig. 6 
and 7). There evidently is a good correlation of the fatigue strength reduction bet¬ 
ween the pulsating stress (R = 0, uniaxial) and the pulsating pressure loaded pipe 
specimen (Fig. 8). The reversed bending probes (R = -1, uniaxial) exhibit some 
deviations. 

It should be observed, that the comparison of the "fatigue strength" reduction is 
different for the probes: stress amplitudes for the uniaxial, pressure amplitudes for 
the pipe specimen. 

Fatigue strength reduction data (5 • 10 6 cycles): R = 0: 24 %; R = -1:16 %; Ap p : 25 %. 


3.2. Austentic-ferritic Chromium-Nickel Steel X2CrNiMoN225 (W.No. 1.4462) 
The material is a nitrogen alloyed duplex steel. The development has been continu¬ 
ed to higher alloyed types (f.e. 1.4467 X3CrMnNiMoN2564) 

The specimen (cross bored pipes and R=0) demonstrate the following fatigue 
reduction figures: R = 0: 29 %; Ap p : 17 % (Fig. 9). 

The quantitative correlation is not comparatively well as for previous tests, but still 
satisfactory. 
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Fig. 6: Fatigue strength 1.4596 (R = 0) Fig. 7: Fatigue strength 1.4596 

(R = -1) 



Fig. 8: Fatigue pressure amplitudes Ap p Fig. 9: Fatigue strength 1.4462 
for pipe probes (R = 0) 


3.3. Failures of valve housings in a process diaphragm pump 

The valve housing (1.4571 X6CrNiMoTil810) demonstrated fatigue cracks (350 bar, 
Chorine-Toluene/NaOH-mixture 1:1, 60 °C) starting predominantly from the spot K 
(Fig. 10, part 3) where the internal bushing (part 6) is located (1.4528). 

The involved surface area exhibited small pittings, from where the fatigue cracks 
started (Fig. 11). Corrosion fatigue tests (R = 0) with uniaxial probes (1.4571) and 
narrow clearance rings (1.4528) in a corrosion cell yield an admissible pulsating stress 
of around 200-220 N/mm 2 at 10 8 cycles (Fig. 13). The equivalent (v. Mises) stress in 
the valve housing was calculated to around 150 N/mm 2 . The remaining difference 
between uniaxial probe and thickwalled pipe data by factor 1,3 -1,5 can be attributed 
to stress rizers by corrosion pittings and fatigue especially in the narrow clearance 
area. The problem was solved with a high strength duplex steel (1.4496 X5CrNiMoCu258). 
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Fig. 11: Pittings and crack initiation 


4. CONCLUSIONS 

The corrosion fatigue data from uniaxial 
tests can be transmitted to the notched 
pulsating pressure loaded components 
quantitatively or with additional safety. 
The uniaxial pulsating stress yields to be 
the stricter criterion. 

Differences in the correlation of the 
corrosion fatigue reduction data can be 
attributed to the residual stresses due to 
local plastification. The steel 1.4462 
seems to develop more autogeneous 
autofrettage due to the lower strength. 

Fatigue ruptures start with the uniaxi¬ 
al probes at any flaws, with the pipe 
probes very near to the cross-bore inter¬ 
section (obviously influenced by the 
residua] stress distribution). As a conse¬ 
quence the following design procedure 
can be recommended. If failures have 
already occured, the improved material 
choice yields from uniaxial (R = 0) fati¬ 
gue tests with the real liquid involved. 
For initial design purposes of thickwal- 
led components uniaxial corrosion fati¬ 
gue data (R = 0) can directy be applied. 
If the operational conditions or the com¬ 


ponent treatment involve autofrettage 

the application of corrosion fatigue data (R = 0) implement an additional safety 
factor. Applications for current failure analysis demonstrate the efficiency of the 
method. 
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Fig. 12: Fatigue strength 1.4571 (R = 0) 
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Extrapolation from Pilot Plant to Industrial Scale SFE : a Case Study 

J.Y. CLAVIER, W. MAJEWSKI, M. PERRUT. 

SEPAREX, BP9, 54250 Champigneulles, France. 


1. INTRODUCTION 

Supercritical fluid extraction has now found a lot of applications in different fields 
(polymers, aromas and essential oils, fats, natural products, soil decontamination...) and 
several production units are operated in agroalimentary (coffee, hop...) and pharmaceutical 
industries. In order to estimate the economical interest of these applications, technical and 
economical extrapolation methods have been developed. These methods are dependent of the 
nature of the extraction and are based on experimental results obtained on pilot plant units. 
We describe here a general extrapolation procedure, and a case study is presented to illustrate 
an economical estimation of a supercritical fluid extraction. 


2. TECHNICAL DESIGN OF AN INDUSTRIAL PLANT 

The objective of this design is to determine operating conditions (pressure, temperature), 
but also what will be the optimal configuration of the plant, the dimension and the number of 
extractors, the capacity of the pump... 

The design will always require some experimental data that have to be determined on a pilot 
plant unit. 

The procedure of this design will be : 

- to determine first the optimal physical conditions through a scanning of different pressures, 
temperatures, solvents... . 

- to obtain thermodynamic and kinetic data to design the industrial plant. 

The extrapolation method will depend on the nature of the extraction and particularly on 
the mechanism controlling the extraction. Several mechanisms can be found : 

- Some extractions are only limited by the solubility of the extract in the fluid. This is the case 
of the extraction of lipids when the access to the extract in the matrix is easy. This is for 
instance the case of extraction of beef tallow [1] or the extraction of fats from butter or 
cheese. 


- Some extractions are only limited by diffusion and especially the internal diffusion. In certain 
cases like basil oil extraction or ginger extraction, the solubility of the extract in supercritical 
fluid is very high but the access in the matrix is more difficult, so that the concentration of 
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extract is the solvent is far below the solubility. In this case, the extraction can be 
represented only by diffusion and kinetic parameters [2,3], 

- Most of the extractions are more complex and are limited by both solubility and diffusion. In 
a lot of cases, a fraction of the extract is extracted first and the extraction rate is function of 
the solubility of the extract in the fluid. The rest of the extract is extracted afterwards and 
the extraction is limited by diffusion [4,5], This is the case in a lot of natural products 
extraction from seeds. The amount of "free" extract is usually dependent on the 
granulometry of the crushed seeds. 

When several compounds can be extracted, the rate of extraction and the mechanism of 
extraction can be different for each of them. 

Depending on the complexity and on the nature of the extraction, different extrapolation 
methods are available to design the production unit: 

- A very simple way to extrapolate the experimental data obtained on a pilot plant is to keep 
the ratios U/Mf and M/M,- constant. ( U s is the solvent flowrate (in kh.lv 1 )), M f is the 
feed mass in the extractor (kg), and M s is the solvent mass required for the extraction (kg). 

The ratio U/Mf is inversely proportional to residence time of the eluent in the extractor t r 
(see equation 1), and this ratio will have to be conserved, especially for extraction limited by 
internal diffusion. These extractions are almost not dependent on the solvent flowrate, but the 
"contacting" time of the feed with the solvent is the determinant factor of plant design. 
Therefore, it will be necessary to use very large extractors or to use several extractors in 
series in order to maximize the contacting time of the solvent with the feed. On the other 
hand, it is possible to minimize the solvent flowrate and the energy consumption of the plant. 

t r = 6. p s .M f / (U s ,p f ) (1) 

with : s : Void fraction of the bed 

p s : Specific gravity of the solvent 
p r : Specific gravity of the feed 
Mfi Feed mass 
U s : Solvent flowrate 

The ratio M/Mf corresponds to the amount of solvent needed to extract one kilogram of 
the feed. This ratio has to be maintained in the case of extraction limited by the solubility of 
the extract or by the thermodynamical equilibrium between the feed and the eluent. In these 
extraction the amount of solvent is the determinant factor of the plant design. So, for a given 
plant capacity, and therefore a given amount of solvent and energy consumption, it will be 
often possible to reduce the volume and the number of extractors as much as possible. 

- In complex extractions, when both diffusion and thermodynamic are linked, or when the 
extract is a complex mixture of several components recovered at different rates, a numerical 
simulation software of the extraction can be very useful to estimate quickly any 
configuration and to optimize more precisely the industrial plant. A lot of different models 
have been proposed in the literature, and we built a versatile simulation software allowing to 
represent a lot of different systems [6], 



641 


Knowing the production requirements, the optimal configuration will be determined : the 
principal factors are : 

- number of extractors, 

- volume and number of shift/day of the extractors, 

- pump and utilities capacities. 

Traditional production units are composed of at least 2 extractors. One is discharged of 
solvent, the feed is replaced and the extractor is recompressed, when the other one is used for 
extraction. Three or more extractor configurations are often designed in order to optimize the 
extraction plant. One extractor is discharged and loaded when the others are operated in 
extraction. These extractors are connected in series, so that the feed and the solvent are 
contacted counter-currently. The last extractor of the series is the one with the previously 
unextracted feed and the first extractor of the series is the one which has been contacted the 
longest time with the eluent, and the next to be discharged. This "carrousel" implementation 
allows most of the time to reduce the amount of C0 2 required for a given extraction, and 
therefore, to reduce the energy consumption of the production plant. For a given production 
capacity, increasing the number of extractors will therefore decrease the energy consumption 
and the operating costs, but increase most of the time the investment costs, depending on the 
capacity of the extractors. The extractor volume will depend on the number of shift/day that 
can be operated. The more important is the number of shift/day, the less is the volume of the 
extractors, and the less is the investment cost. The economic estimation allows in each case to 
decide of the optimal configuration. 


3. ECONOMICAL ESTIMATION OF AN INDUSTRIAL PLANT 

The extraction of an economically interesting oil obtained from a natural seed is chosen to 
illustrate this estimation. 

The characteristics of the raw material are the followings : 

- Granulometry of the seed : 0.5 -1.5 mm 

- Moisture of the seed : * 8% 

- Apparent specific gravity : 550 kg.nr 3 

- Lipid in the feed : 3.8 % w/w 

The extraction is performed at 250 bar and 40°C. The extract is recovered in 3 
decompression/heating steps until 45 bar and 30°C. 

Figure 1 represents 3 extractions curves obtained on a pilot plant at different flowrates Us. 
The extractor volume is 1.5 1. 

At the beginning of the runs, the extraction rate is approximately proportional to the 
amount of C0 2 pumped through the extractor, whatever the flowrate: the concentration of 
the extract in the fluid is therefore equal to the solubility which is in this case 0.9 g.kg' 1 . At 
the end of the runs, the extraction is limited by diffusion, mainly inside the particles. 
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The industrial requirements are : 

• A recovery yield of 95 % of the total extract (3.6% of the total mass) 

• 2 capacities will be considered : 

- case a) 7 000 kg extract / year 

- case b) 10 700 kg extract /year 

In case a) the plant will work 108 h/week and 48 weeks /year (5 200 h/year) with 3 
operators working 3 x 8 h. 

In case b) the plant will work 8 000 h/year with 4 operators working 4 x 8 h. 

In both cases, the amount of seed to be treated is 37.1 kg.fr 1 . 

The economic calculation will be done in a 2 extractor configuration, one being in 
extraction mode while the other one is discharged, loaded, and compressed. 

The extrapolation method consists here in keeping the ratios U/M c and M s /M c constant. 
Table 1 resumes the extrapolation of the 3 curves obtained on the pilot plant. 


Extraction 

Batch length 

(h) 

U/M c 

M s /M c 

ss 

mmm 

u 5 

(kgh- 1 ) 

Extractor 
Volume (1) 

1 

4 

12.5 

50 

160 


291 

2 

2.9 

18.75 

54 

115 


209 

3 

1.7 

37.5 

64 

68 

2560 

124 


The economic estimation allows to decide which case is the most appropriate. The 
estimation in case 2 is detailed below : 


Determination of production costs 
Energy: 

The C0 2 energy cycle encloses : 

Pumping from liquid state 45 bar, 5°C to supercritical fluid 250 bar, 40°C : AH= 14 kcal.kg -1 
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Expansion : from 250 bar, 40°C to 45 bar , 30 °C in three steps : AH= 46 kcal.kg- 1 
Condensation : at 45 bar from 30°C to 5 °C : AH= 60 kcal.kg- 1 

- Cooling utilities design: 

60 kcal / kg C0 2 that is to say 130 000 kcal/h are required. In the case of an air refrigerated 
cooling device, the power of the cooling machine will be twice the required power. A buffer 
reservoir will be used to store the cooling glycol/water mixture and two pumps will pump 
the mixture to the process and to the cooling machine. The energy consumption of this 
system is evaluated at 120 kWh 

- Hot utilities design: 

A gas boiler is recommended. It provides hot water at 85 °C stored in a buffer and then sent 
to the process. The required power is 130 kcal/h, we will therefore plan a 200 T/h boiler, 
and the gas energy consumption taking into account heat losses is evaluated at 150 kWh. 

- Pumps : The C0 2 pump consumption is estimated at 25 kWh. The other pumps and electric 
devices consumption ( Air compressor, utilities....) are approximated at 15 kWh. 

The total energy consumption is therefore evaluated at: 

Electricity: 160 kWh 
Gas: 150 kWh 

C0 2 consumption 

The 2 principal causes of solvent consumption are : 

- Extract withdrawing : The optimization of an automated extract withdrawing system and 
the optimization of the extractor emptying and filling, allows to minimize the solvent 
consumption which is estimated at 0.5 kg C0 2 / kg extract. 

- Extractor emptying : At each extractor shift, a 210 I extractor is vented from 45 bar, 20°C 
to atmospheric pressure which corresponds to a waste of 25 kg of C0 2 / shift 

The total C0 2 consumption is therefore evaluated at 

- case A 50 : T/ year 

- case B 75 : T/year 

Labour work : 


The whole unit is automated and we evaluate the labour work at: 

- 1 operator working 3x8 (in case A) 

- 1 operator working 4x8 (in case B) 

- 1 maintenance technician 

- Supervision/Management (25%) 

- 1 more operator in the day is in charge of feed reception, storage, crushing... 

Global economic evaluation : 

Investment : 

Process: 6 M FF (million of French Francs) 

Utilities : 1 M FF 
Feed preparation : 1 MFF 
Total: 8 M FF 
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Operating costs: 

case A (in M FF) 

case B (in M FF) 

Labour work 

1.2 

2.0 

Energy 

0.8 

1.1 

Maintenance 

0.2 

0.2 

Insurance / taxes 

0.2 

0.2 

General costs 

0.6 

0.9 

Total 

3.0 

4.4 


Considering a capital return of 25%, the annual cost is evaluated at 5 M FF/year in case A 
and 6.6 M FF in case B that corresponds to 25 FF/ kg feed in case A and 22 FF /kg feed in 
case B. 

4. CONCLUSION 

In front of the diversity and the complexity of supercritical fluid extraction, we dispose of 
all experimental and theoretical tools to compute and extrapolate pilot plant experimental 
data to an industrial unit. A lot of theoretical thermodynamic and kinetic data are now 
available, and experimental extractions carried out on pilot plants allow to build extrapolation 
models, from the very simple ones (like it is described in this case study) to the very 
sophisticated ones based on a numerical simulation software and taking into account 
hydrodynamic, thermodynamic and kinetic phenomena. 

These extrapolation methods allow to determine what will be the best operating 
conditions, and the optimal system configuration of the production plant from a technical and 
economical point view. If the extrapolation and optimization methods describe above 
concerns only the "extraction step" of the process, it is also very important to optimize the 
other parts of the process : the optimization of the extract recovering and fractionation, the 
energetic process optimization, or the improvement of the extractor emptying and loading 
procedure are also some very important points that must be considered in the industrial 
process design. 
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I. SUMMARY 

SCWO reactors may be prone to rapid corrosion and plugging. Furthermore, the wall 
temperature is typically limited to about 900 K due to creep. To inhibit corrosion, prevent 
plugging, and overcome the temperature limit, the Wallcooled Hydrothermal Burner (WHB) is 
proposed as a generalized reactor concept. The WHB concept unifies several features of 
SCWO reactors which have been proposed in recent years. 

The fundamental concept is to envelop the hot reaction zone with cool water which protects 
the wall from the hot, corrosive fluid while simultaneously dissolving salts, thus inhibiting the 
buildup of sticky solids at the wall. The reaction zone is stabilized by a recirculation zone 
with heat and mass transfer to the cold inflowing stream thus heating it to ignition 
temperature. 

This concept was demonstrated at the Institute of Process Engineering and Cryogenics at ETH 
(Switzerland) during the last two years with the FilmCooled Hydrothermal Burner (FCHB). 
The FCHB operated at pressures of 25 MPa and temperatures up to 2000 K, cf. [1], 
Experiments and detailed analysis led to the basic design approach for SCWO reactors 
discussed herein which is based on wall boundary layer control and internal recirculation. 

In this paper, an overview of the important phenomena is given. The supercritical combustion 
process employed is also known to occur in liquid propellant rocket motors (e.g. in 
LOX/GH2-motors), liquid propellant guns (LPG), advanced aviation gas turbines and, to a 
lesser extent, in internal combustion engines. Supercritical combustion is characterized by: (1) 
injection of at least one liquid state fuel component into a chamber which is 
thermodynamically in the supercritical state, (2) density ratios of fuel to oxidizer near one, (3) 
supercritical phase transitions of fluid-particles due to combustion, (4) non-ideal properties of 
the fluids. Additionally a short description of pertinent design criteria is given. 


'current address: General Atomics, P.O. Box 85608, San Diego, CA 92186-9784 



646 


2. INTRODUCTION 

Supercritical water oxidation is an alternative to incineration or biological wastewater 
treatment for aqueous wastes, cf. [2], The wastewater is pressurized to about 
25 MPa and then mixed with air or oxygen. Heat is then added, and the organics are oxidized 
to harmless products such as carbon dioxide. Typical temperatures in a SCWO reactor are 
670 to 920 K. The higher value imposed is a limit by the wallmaterial strength.The lower 
value is specified by the supercritical temperature where a homogeneous phase is formed. At 
these temperatures, most wastewaters are corrosive, and salts precipitate due to the low 
solubility of salts in supercritical water. The problems of corrosion and plugging are the main 
problems of SCWO and, consequently, they have influenced development patterns of reactor 
design. The first SCWO reactors were primarily tube reactors consisting of a preheat section, 
a reaction section, and a cooldown section. These were particularly prone to corrosion and 
plugging. 

One approach to reduce corrosion and plugging is to cool the walls and to install a 
recirculation zone, which sustains the reaction via cold feed injection, i.e. the feed is injected 
at temperatures of 300 to 500 K. The MODAR Reverse Flow Reactor as proposed in [3] 
shows these features for the first time, although the reverse flow is primarily employed to 
separate solids. 

Other reactor concepts show similar features (see [1] and [4]), which include boundary layer 
control and internal recirculation. Reference [5] proposes boundary layer control utilizing 
transpiration cooling. 

These types of combustor-like reactors are unified by their overall design criteria, which 
include stability of reaction, wall compatibility, and performance. In the following, a 
description of the basic mechanism of the process and design rules for a reactor are provided. 

2. BASIC MECHANISMS OF THE PROCESS 

The process mechanism for SCWO in a WHB with cold feed injection (CFI) may 
include the following: 

1. Feed is conditioned (e.g. pH) and pressurized. 

2. Preheat to T wmax , the maximum wall temperature T w where no corrosion occurs (T wmax is 
dependent on the corrosivity of the waste and is typically in the range of 400 to 500 K). 

3. Mixing of oxidant and wastewater; formation of a dispersed, uniform spray. 

4. Additional heatup to ignition temperature via recirculation. 

5. Phase transition of the wastewater droplets to the supercritical state and mixing on the 
molecular scale. 

6. Pyrolysis (may occur in unmixed regions). 

7. Hydrolysis (water will react with hydrocarbons in the waste). 

8. Oxidation. 

9. Salt precipitation. 

10. Salt and/or solid separation. 

11. Cooling. 

12. Expansion to ambient pressure. 
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Steps 3 to 9 take place simultaneously. Figure 1 shows the basic mechanism for steps 3 to 10. 




Heat Addition by Recirculation 


Homogeneous Combustion^ 


Heterogeneous Combustion 


Q Aqueous Droplet supercritical, homogeneous Mixture 

( ^ heterogeneous Reaction Zone x Salt Particle \\ homogeneous reaction Zone 


Fig. 1 : Basic process mechanism of SCWO in a WHB with cold feed injection (CF1) 


For the process to work, the following three criteria must be met: (1) performance : Sufficient 
overall reaction rate at a specified temperature and pressure. (2) stability: Small disturbances 
in pressure and flow rate do not lead to extinction of combustion or to oscillations of state 
variables of the system. (3) wall compatibility. There are no thermal overloads, corrosive, 
abrasive or fouling interactions between the fluid in the system and the walls. 


4. REACTOR DESIGN 

There are four important elements in a combustor which interact and must be 
properly designed (see. Fig. 2): 



a) The injector or burner which mixes and injects the oxidant and fuel in the reaction chamber. 
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b) Recirculation Zones (RZ) which are separated flow zones that allow cold feed injection due 
to backmixing. RZ’s behave almost like ideal stirred reactors. 

c) Reaction zone with plug flow mixing characteristics. 

d) Devices to control the wall boundary layer of the combustor. 

These four elements must be designed within the constraints of the specified performance, 
stability, and wall compatibility. 


At typical waste-water 
injection temperatures 
the oxidant (air or 
oxygen) will form a 
two-phase mixture with 
the wastewater. The 
injector must, therefore, 
be designed for two- 
phase flow. WHB- 
Injectors are 

characterized by a liquid 
to gas density ratio of 3 
to 7, a liquid to gas 
mass flow ratio of 0.2 
to 2. Injectors for such 
ratios are mainly used in 
liquid rocket motors. 

Figure 3 shows the 
phenomena and the 
attributed models for a 
coaxial injector. 

At point 1, there is 
liquid flow in the core. 

The coaxial gas flow 
shears due to its higher 
velocity on the liquid 
core, thus breaking up 
the core (i.e. primary 

break up). At point 2 is a region of dense spray with a high volume fraction of the denser 
fluid. At point 3, the fraction of dense fluid has decreased. Droplets are breaking up 
(secondary breakup) at point 4, while at point 5 there is homogeneous fluid flow. Depending 
on the feed properties of the wastewater and oxidant the injector has to be designed to achieve 
optimal mixing and atomization. The injector has to provide a uniform, dispersed, two-phase 
mixture, which leads to sufficient stability and performance. 


4.1. Injector 

Phenomenology 


Models 


red rculation-zoncs 

turbulent/aerodynamic 
surface interaction 

wave growth 

primary 

breakup 

shear layer flow 


secondary 

breakup 

(droplet breakup) 
spray flow 


simulation of 
macrostructures in the | 
liquid core 



Navier-Stokes-solver 
for turbulent gas flow 


droplet breakup model 


* T\* 4 . ® . droplet 

** q • t 

t Q ^ trajectories 


spray model 


Fig. 3: Structure of coaxial mixing and atomization after [6] 
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To match the specified stability limits, the RZ’s 
must be properly designed. Stability limits are 
described by stability loops (see Fig. 4), which 
show the region of stable combustion. (J) is the 
fuel to oxidant ratio, O is a loading factor (e.g., 
velocity). RZ’s are separated flows, which can be 
generated by various means, including bluff 
bodies or backward steps and vortex breakdown 
phenomena (see [1]). The interaction between the 
injector and RZ is essential. If the injection 
velocity is to high, stability decreases while 
mixing is enhanced. The RZ is also influenced by 
cool walls which cool the recirculating fluid. 

The RZ has to provide sufficient backmixing to 
provide the required stability and performance. 

There are three typical methods to control boundary layers in combustors (see. Fig. 

5): 

a) Convective Cooling: 

Liner L is cooled from the outside with 
cooling fluid y which enforces a temperature 
drop in the wall boundary layer G, so that 
T w can be kept below T wmax . 

b) Transpiration Cooling/Flushing: 

The liner has a porous or near porous 
structure generating a unifonnly distributed 
source of cooling or hot flushing fluid that 
keeps T w of the liner cool or reduces the 
concentration of corrosives species in the 
wall boundary layer G. 


c) Film Cooling/Flushing: 

A wall jet y is injected parallel to the 
reacting stream, which forms a turbulent 
shear layer G. 

Fig. 5: Methods of wall boundary control to 
provide wall compatibility in combustors 
(Legend below) 



4.2. Recirculation Zone (RZ) 



Fig. 4: Stability loop:<|) = fuel to 
oxidant ratio, Q = loading factor 

4.3. Wall boundary layer control 
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Legend to Fig. 5: a: corrosive/hot, reacting fluid, y: cooling/flushing fluid, L: Liner, 

G: Boundary/shear layer, W: Wall of pressure vessel 
The wall boundary layer control system must protect the walls, while the whole reactor must 
match the specified performance and stability. 



Fig. 6: WHB with staged wastewater injection: 0 2 : oxygen 
flow, W, high heat of combustion wastewater, W n :low heat 
of combustion wastewater, CW: cooling water 


Figure 6 shows an 
advanced WHB reactor 
concept which results from 
[ 1 ]. 

The reactor can be divided 
in 5 parts: 

A: injector face plate where 
multiple injectors mix the 
oxidant and wastewater 
(W,). 

B: Stabilizing region. 

C: Primary reaction zone. 

D: Radial injection of 
secondary wastewater 
(W„). 

E: Secondary reaction zone. 


5. CONCLUSION 

Development patterns of current SCWO reactor concepts generally follow combustor 
design rules. The basic process of supercritical combustion with aqueous feed has to be 
sustained in a reactor which matches required performance, stability and wall compatibiliy. 
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INTRODUCTION 

Diamond and other superhard material synthesis is the only technology widely used in 
industry for production of materials at highest pressures and temperatures. In particular, 
diamond synthesis is usually taking place at pressure more than 5 GPa and temperature more 
than 1200 5 °C in specially designed high pressure and temperature apparatuses [1,2,3], 
Original components for diamond synthesis are graphite and carbon-solving alloy which are 
inserted into the reaction cell of apparatus. As a rule, reaction cell has a form of 
cylidrical cavity in the apparatus container to be deformed. 

During the diamond synthesis after developing of a high pressure in the apparatus the 
heating of reaction components are getting started for crystal growth initiation. Very 
important condition to be realized at this stage while synthesis is going on is to support 
and retain p-T parameters in the reaction cell during the whole cycle of synthesis process 
in predetermined fairly narrow range of values. One of the means to meet this condition is 
utilization of specially designed reaction cells and choice of most appropriate materials 
for cell and container construction. 

METHODS 

For developing of high temperature in reaction cell various heating schemes may 
be employed which must supply both minimum temperature drop in the cell body and 
maximum useful volume for reaction mixture deposition. 

Due to the constructive peculiarities in the most of widely used high pressure and 
temperature apparatuses including both lens and belt type ones temperature field in reaction 
cell has axial symmetry. Thus, one has possibility to analyze temperature conditions in 
reaction cells of different design by means of finite element method calculation scheme [4]. 
Beneath we discuss the results and application of this kind of calculations of temperature 
fields for one possible type of lens-shaped high pressure apparatus [1], 

RESULTS AND DISCUSSION 

So the reaction mixture for diamond synthesis possesses fairly high 
electroconductivity it is possible to heat this mixture by passing electric current consequently 
through heaters and reaction mixture (the so called "direct heating"). While using this type of 
heating scheme, which is the most simple one from the view point of construction, one 
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gets rather high temperature drops in the reaction cell body. 

For example, Fig.l demonstrates temperature fields in reaction cells of apparatus with 
heaters of various shapes and sizes mounted in the container holes near the reaction cell 
ends. In the calculation scheme the dependence of thermo-physical characteristics of heated 
apparatus, container and cell details on temperature developed has been taken into account. 

Influence of thermoconductivity of material used for apparatus details construction 
contacting with heaters on temperature field in reaction cell has been evaluated. It has been 
shown that when anvil was made if hard alloy the temperature gradient in the cell was 
more being compared with steel-made anvil because of lower thermoconductivity of steel. 

Temperature drop in reaction cell decreases along with increasing of cylidrical heater 
diameter (Fig. lb and lc). Material for heaters of various size has been chosen in such a way 
as to increase its specific electric resistance and decrease the thermoconductivity along with 
heater diameter increase. On practice it may be accomplished, for example, by variation of 
heater components ratio [5], 

Decrease of temperature drop in the cell in comparison with ones considered above 
may be achieved by using of end heaters in the form of rings, as shown in Fig. Id and le. 
With the increase of diameter of ring heaters homogeneity of temperature field in reaction 
cell increases as well. 

It is also possible to heat reaction cell by haters isolated from reaction mixture (the so 
called "indirect heating"). Temperature fields for indirect heating of reaction mixture [1] are 
shown in Fig.2. Elements isolating heater details from reaction mixture are not shown in Fig.2 
for bigger clarity of drawing. 

The most simple variant of indirect heating includes rod-shaped heaters connecting 
opposite current inlet details of apparatus [5], In this case the big temperature radial drop is 
observed in reaction cell (Fig.2a). 

This temperature drop in the cell may be decreased by utilization of combined heater 
construction including end, plate and tube elements [6]. This type of heater construction gives 
possibility to achieve optimal temperature distribution field in the reaction cell body (Fig.2b and 2c). 

CONCLUSION 

The results of calculations performed demonstrate the possibility of wide range 
variations of temperature conditions in the reaction cells of high pressure and temperature 
apparatuses while employing heating devices of different design. The results obtained may be 
useful for development of heating schemes for apparatuses of different types because of 
general character of dependencies revealed. 

Authors wish to acknowledge V.Yanchuk for support in temperature distribution 
field calculations. 
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1. SUMMARY 

The interfacial tension of the binary system a-tocopherol/carbon dioxide was measured 
using the pendant drop method in the pressure range between 10 and 37 MPa at nine different 
temperatures: 313, 333, 343, 353, 363, 373, 383, 393 and 402 K. The interfacial tension de¬ 
creases with rising pressure at a constant temperature and increases with increasing tempera¬ 
ture at a constant pressure. The interfacial tension was found to be mainly a function of the 
mutual solubility of the two system components and of the density of pure carbon dioxide. 

2. INTRODUCTION 

Interfacial tension plays an important role in the modelling and design of both conven¬ 
tional and supercritical-fluid solvent extraction systems. The behaviour of fluid-fluid inter¬ 
faces in the vicinity of the critical point is of fundamental importance. High pressure interfa¬ 
cial- and surface-tension phenomena are of particular relevance to phase separation and mass 
transfer. Factors determining the efficiency of mass transfer include drop diameter which is 
dependent on the interfacial tension. In order to design an extraction column operating in the 
region where one fluid is supercritical, there is the need for fundamental information on sys¬ 
tem physical properties including the interfacial tension. 

A major chemical engineering task in supercritical fluid extraction is the optimisation of 
temperature and pressure. A thorough knowledge of physical properties, in particular phase 
equilibria, and of mass transfer as a function of pressure and temperature is required. 

a-Tocopherol (C 29 H 50 O 2 , M = 430.7) is an industrial product added increasingly to food 
and cosmetics products. Part of its synthesis can probably be carried out in dense gas solvents 
such as carbon dioxide. 

While phase equilibria for the a-tocopherol/carbon dioxide system at high pressures have 
been studied by several authors [1-6], only a few measurements of dynamic viscosity [7], 
thermal conductivity [7] and mass transfer coefficients [3] were carried out. The present 
study of the interfacial tension in the a-tocopherol/carbon dioxide system at temperatures 
between 313 and 402 K. and pressures from 10 to 37 MPa aims on the one hand at completing 
characterisation of this system and on the other at contributing to understanding interfacial 
phenomena in mass transfer processes. 
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3. EXPERIMENTAL 

3.1. Materials 

The carbon dioxide used in this study was purchased by PanGas, Schlieren, with a re¬ 
ported purity of 99.99% and recondensed from the gas phase. a-Tocopherol (98% reported 
purity) was supplied by Hoffmann-La Roche AG and used without further purification. 

3.2. Method 

The measurements of the interfacial tension were made with the pendant drop technique 
using the selected plane method as described by Andreas et al. [8], This method was chosen 
because it is simple to use in high pressure systems. 

The drop shape can be described by calculating the ratio S of two diameters at different 
horizontal planes: 



The equatorial diameter d e is erected vertically on the top apex of drop and defines the 
position of a selected plane with drop diameter d s . The interfacial tension is then given by 

H 

where Ap is the density difference between the liquid and supercritical gas phase and g the 
acceleration due to gravity. The quantity 1/H is a function of S and has been calculated by 
several authors [9-12], 

3.3. Apparatus and Procedure 

A schematic representation of the experimental apparatus is shown in Figure 1. A cylindri¬ 
cal high pressure cell (6) with 30 ml volume was built with two sapphire windows with an 
optical width of 18 mm mounted in the central axis. To produce pendant drops, a narrow 
capillary was screwed vertically into the cell. The tip of the capillary could easily be replaced 
with tips of other sizes. The main components of the circulation equipment are a stirring 
autoclave (1) of 600 ml volume and a high pressure gear pump (2) to circulate the liquid or 
the supercritical gas phase depending on the position of the valves. 

To form a pendant drop, the gear pump (2) was switched off and the air driven oscillating 
double piston pump (4) with 1.8 ml per stroke was used. This pump has the advantage of 
keeping the volume constant in the apparatus while pumping. The drop size was controlled 
by closing the metering valve (5). 

To measure the densities of the two coexisting phases, a high pressure density measuring 
cell (3) (Paar DMA 512) was integrated in the system. 

The desired drop parameters were determined using a digital image processing system. 
The images were taken with back-lighting from a CCD-b/w-camera (9) (Kappa CF-8) with 
739(H) x 575(V) pixels resolution. The images were transferred to a computer (11) using a 
QuickCapture DT2255-50Hz frame grabber board (Data Translation Inc.) with 768(H) x 
512(V) pixels resolution. The image analysis and the calculation of the drop parameters were 
done using the image application software NIH-lmage v. 1.55 (National Institute of Health, 
U.S.A). 



657 



Figure 1. Schematic diagram of the appa¬ 
ratus for the measurement of the interfacial 
tension at high pressures. 

(1) stirring autoclave, (2) circulation gear 
pump, (3) density measuring cell, (4) 
sample pump, (5) metering valve, (6) vis¬ 
ual cell, (7) gas supply, (8) light source, 
(9) CCD-b/w-camera, (10) monitor, (11) 
computer with frame grabber card, (12) 
thermostated chamber. 


After filling the autoclave (1) with a-tocopherol, carbon dioxide was pumped into the ap¬ 
paratus until the desired pressure was reached. The liquid phase was then stirred while the 
supercritical gas phase was circulated by the gear pump (2) until equilibrium was reached. 
Thereafter, a drop was formed by operating the sample pump (4) and the metering valve (5). 
The image of the pendant drop was recorded by the computer. After thresholding, the image 
was converted into a binary picture. Therefore the drop contour appeared black on a white 
background. After calibrating the image with the known diameter of the capillary, the equa¬ 
torial diameter d e and the diameter d s of the selected plane were measured and the value of 
the interfacial tension calculated using eq. (2). For every value of the interfacial tension the 
arithmetic mean of twenty analysed drops was taken. 

4. RESULTS AND DISCUSSION 

Interfacial tensions between coexisting liquid and supercritical gas phases for the a- 
tocopherol/carbon dioxide system have been measured for different pressures at 313, 333, 
343, 353, 363, 373, 383, 393 and 402 K. At each interfacial tension measurement the density 
of both the liquid and the supercritical gas phase was also determined as these values are es¬ 
sential in calculating interfacial tensions from the shape and size of drops. Densities of the 
system investigated have already been measured by other authors [4, 6, 7] and their results 
agree, within measurement accuracy, with those obtained in this work. 

The results of the interfacial tension measurements are plotted in Figure 2. The interfacial 
tension decreases with increasing pressure at a constant temperature for all nine temperatures 
investigated. As the pressure increases both the concentration of carbon dioxide in the liquid 
phase (see Figure 4) and the density of supercritical carbon dioxide increases. Because of the 
increase in density the solvent power of carbon dioxide increases and the amount of a- 
tocopherol also increases as can be seen from Figure 5. The higher mutual solubility of the 
coexisting phases at higher pressures results in the physical properties of the phases becom¬ 
ing more similar. Also because of the larger amount of carbon dioxide in the liquid phase, the 
interaction forces between tocopherol molecules become weaker. For these reasons less en- 
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ergy is required to bring molecules from the bulk phase to the surface for the formation of 
new surface, therefore the interfacial tension decreases. 



10 IS 20 25 30 35 40 

Pressure [MPa] 

Figure 2. tnterfacial tension as a function of 
pressure at all nine temperatures investi¬ 
gated. 



Densttv of pure carbon dioxide |kg'm , | 


Figure 3. Interfacial tension as a function of 
density of pure carbon dioxide at all nine 
temperatures investigated. 


Figure 4 plots equilibrium compositions of the liquid and respectively of the supercritical 
gas phase of the system a-tocopherol/carbon dioxide as a function of pressure. Compositions 
at 313 and 343 K. were measured by Meier [4], at 333, 353, 373, 398 and 423 K by Hoff- 
mann-La Roche AG in June 1995. 
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Figure 4. Equilibrium compositions of the system a-tocopherol/carbon dioxide as a function 
of pressure for different temperatures. On the left: liquid phase; on the right: supercritical gas 
phase. 


Figure 5 shows the plots of the solubility of a-tocopherol in the supercritical gas phase as 
a function of the density of pure carbon dioxide, which has been calculated with the Bender 
equation of state. 
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Figure 5. Supercritical gas phase solubility 
of a-tocopherol as a function of density of 
pure carbon dioxide. 


From Figure 2, it can be seen that at temperatures higher than 353 K the interfacial tension 
clearly increases with rising temperature at a constant pressure. In the phase diagram shown 
in Figure 4, it is observed that there is a marked decrease in the mutual solubility of a- 
tocopherol and carbon dioxide with rising temperature above 343 K at a constant pressure. 
Therefore the coexisting liquid and supercritical gas phases become much more different. 
Furthermore, the interaction forces between the tocopherol molecules in the liquid phase be¬ 
come stronger, since the amount of carbon dioxide in it has decreased. More energy must 
then be spent on bringing molecules from the bulk phase to the surface and so the interfacial 
tension increases. 

The values of the interfacial tension at 333 K are slightly below the ones at 313 K because 
of the higher mutual solubility of the two system components at 333 than 313 K. Measure¬ 
ments of interfacial tension at 343 K and at 353 K. in the pressure range between 20 and 30 
MPa give practically the same results, even though the amount of carbon dioxide in the liquid 
phase is lower at 353 K than at 343 K, as can be seen from Figure 4. 

When the interfacial tension is plotted against the density of pure carbon dioxide as shown 
in Figure 3, the interfacial tension can be represented as a function of the solvent power of 
carbon dioxide. Its density has been calculated with the Bender equation of state and its sol¬ 
vent power has been represented in Figure 5. The interfacial tension decreases with rising 
temperature at a constant density of carbon dioxide, whereas the amount of tocopherol in the 
supercritical gas phase increases (Figure 5). There exists therefore a correlation between the 
interfacial tension and the concentration of tocopherol in the supercritical gas phase. The 
higher the supercritical gas phase solubility of tocopherol at a constant carbon dioxide den¬ 
sity, the lower the interfacial tension. The crossover of the isotherm at 353 K with that at 373 
K. in Figure 3 is probably due to the fact that the amount of carbon dioxide in the liquid phase 
is larger at 353 K than at 373 K (see Figure 4). 

The accuracy of the calculated interfacial tension values achieved in the experiments de¬ 
pends on two main factors. The first is the accuracy of the densiometer, which is estimated to 
3 

be less than ±3 kg/m as is described by Meier [4], The resulting error for the density differ- 
3 

ence is ±4.2 kg/m , which leads to an increasing relative error for low density differences. 
The second influence is given by the accuracy of the measured diameters de and ds- The di¬ 
ameters can be measured with an accuracy of 1 pixel. The effect of the inaccuracy of the di¬ 
ameters on the value of the interfacial tension is nearly constant. With these two effects an 
error of less than 3% is estimated for measured interfacial tensions with density differences of 
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3 3 

more than 200 kg/m . With decreasing density difference down to 100 kg/m , the relative 

3 

error increases to 5% and up to 9% for 50 kg/m . 

5. CONCLUSIONS 

Both the mutual solubility of the coexisting liquid and supercritical gas phases and the 
density of carbon dioxide are the most important parameters in influencing interfacial tension 
in systems with both a non-volatile liquid and a supercritical component. 

Due to the fact that interfacial tension becomes zero at the critical point of the mixture, 
above which complete miscibility occurs, the relatively high value of interfacial tension at 
30.5 MPa and 313 K (1.88 mN/m ) indicates that the system investigated in this work is still 
relatively far from its critical pressure. This observation is also valid for all nine temperatures 
investigated and agrees with the phase equilibrium measurements shown in Figure 4. 

Meier et al. [13] assumed that above 353 K the upper critical solution temperature for the 
a-tocopherol/carbon dioxide system could be reached, above which the liquid and supercriti¬ 
cal gas phase are completely soluble in each other. Measurements of phase equilibria carried 
out by Hoffmann-La Roche AG and our investigations contradict the assumption mentioned. 
Two coexisting phases are still present at 423 K and 27.5 MPa (see Figure 4). 
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ABSTRACT 

A measuring device is presented which is capable for the detection of nitroaromatic 
compounds dissolved in sub- and supercritical carbon dioxide by UV-VIS spectroscopy. 
The specific spectroscopic behavior of these solutions at pressures up to 400 bar and 
temperatures up to 150 °C is described. 


1 INTRODUCTION 

Energetic materials like TNT or other nitroaromatic compounds are readily soluble in 
liquid and supercritical carbon dioxide (SC-CO 2 ). Extraction processes using SC-CO 2 as an 
extracting solvent (supercritical fluid extraction SFE) permit the discharging of TNT and its 
breakdown products out of contaminated soils or other matrices [1], 

At present the analytical information about substances extracted by SFE is usually 
received by analytical methods following the extraction process. Therefore the development 
of on-line-analytics for SFE processes is highly required. 

Main advantages of using such on-line-analytics are the direct identification and 
quantification of extracted substances during the extraction process. Hence, the monitoring 
and control of SFE processes would be possible. 

In this work a measuring device is presented, which is capable for the simulation of UV- 
VIS spectroscopic on-line-analysis for SFE processes. 
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2 EXPERIMENTAL 

Figure 1 shows the experimental setup used for UV-VIS spectroscopic investigations 
into sub- and supercritical carbon dioxide. 

The optical high pressure cell shown in figure 2 was developed for spectroscopic 
investigations at pressures ranging from 1 to 400 bar and temperatures from 20 to 150 °C. 
The optical cell has a low-cost construction and shows versatile application possibilities 
(e g. variable optical path length, fluorescence measurements). The temperature is 
measured in direct contact with the fluid. 



1 tungsten-halogen lamp 6 optical high pressure cell 

2 dimmer 7 quartz lens 

3 deuterium lamp 8 Czemy-Tumer grating monochromator 

4 power supply 9 photodiode array 

5 quartz lens 10 computer 


Fig. 1: Experimental setup for UV-VIS spectroscopy under high pressures 



dimensions: 

a = 32,0 mm 
b = 44,0 mm 

optical path length: 
d = 22,7 mm 


1: cell-body 5: cylindrical optical window 

2: High pressure tubing (C0 2 -supply) 6: copper ring 
3: gland nut 7: PTFE O-ring sealing 

4: collar 8: thermocouple (NiCrNi) 


Fig. 2: Optical high pressure cell 
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3 RESULTS 

Systematic investigations into the LTV-VIS spectroscopic properties of carbon dioxide at 
p = 1 - 400 bar and T = 20 - 150 °C showed that increasing CO 2 density effects a decrease 
in UV transparency (figure 3). This decrease is caused by a significant increase in the C0 2 
refractive index (figure 4). Therfore changes in C0 2 pressure or temperature effect changes 
in C0 2 transparency. The detection of shortwave absorption bands, e g., is limited at high 
C0 2 densities. 



Fig. 3: C0 2 transparency at X = 220 nm as a function of pressure and temperature 



Fig. 4: C0 2 refractive index as a function of pressure at four different temperatures 
(calculated for X = 546 nm, based on the Lorentz-Lorenz equation [2]) 
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The on-line detection of TNT and some of its breakdown products during their sc-C0 2 
extraction out of contaminated soils was simulated under different pressures and 
temperatures. The nitroaromatic compounds dissolved in sc-C0 2 were identified by their 
characteristic UV-VIS absorption bands. A quantification of the analytes was possible for 
concentrations lower than 1 ppm. 

It is shown that the characteristic absorption bands of the substances dissolved in 
supercritical carbon dioxide were subjected to show intense hypsochromic shifts compared 
with conventional organic solvents. In addition, bathochromic shifts of the absorption 
bands were effected by increasing C0 2 density. 

In figure 5 the observed solvatochromism is shown for the spectroscopic detection of 
the TNT breakdown product 4-amino-3-nitro-toluene. Increasing pressure (respectively 
density) effects an increasing solubility of 4-amino-3-nitro-toluene in sc-C0 2 and a 
bathochromic shift of the three absorption bands caused by increasing C0 2 polarity. 



Fig. 5: Transmission spectra of the TNT breakdown product 4-amino-3-nitro-toluene 
dissolved in sub- and supercritical C0 2 at T = 80 °C and p = 50 - 200 bar 
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4 CONCLUSIONS 

A measuring device was developed for the UV-VIS spectroscopic detection of 
nitroaromatic compounds dissolved in sub- and supercritical carbon dioxide. 

It was shown that the spectroscopic detection is influenced by the varying optical 
properties of the solvent and by the solvatochromic behavior of the nitroaromatic 
compounds at different CO 2 densities. These specific effects have to be known for a 
accurate spectroscopic identification and quantification of analytes dissolved in sub- and 
supercritical carbon dioxide. 
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The pressure apparatus, allowing to perform the simultaneous measurements of sev¬ 
eral parameters of sample under high pressure is described. The apparatus containes the 
microcontroller for the operation by the measurements and keeping the experimental data. 
The examples , comprised the volume, resistance and thermoelectric power jumps record¬ 
ing in HgSe. HgSeS and GajSej crystal during the pressure-induced phase transitions, are 
represented. 


1 INTRODUCTION 

Properties of substances, undergoing structural phase transitions at pressure P, are a 
complex functions of the extent of transformation [lj. In the region of the phase transfor¬ 
mation the sample of volume V appear to be a mixture of phases with the concentrations 
<'i = Vi/V, where Vj - is the volume of i-phase (£] Vj = V). In ’’effective medium” approx¬ 
imation the value oi specific resistivity p of such mixture may be written as a normalized 
sum of the phases contributions [2] 


E PiCifi(p) 
E nfi(p) 

i 


(i) 


where configuration factor f,(p) = :ip/[Ap + (3 - A)pi\, and A - is a constant. For the 
thermoconductivity A the similar equation may be obtained by substitution p , pi => A -1 , 
A~ in (1). The effective thermoelectric power S of phases mixture may be considered as 
a normalized sum of the phases thermoelectric voltages, depending on the configuration 
factors fi(p) [2] 

E.VJn/PA, 7,(A! 

ZafMK'fiW {2) 


It, was also taken into account, that the temperature gradients, and hence, the values of 
thermoelectric voltages are inversely proportional to the phases thermoconductivities and 
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depend on configuration factors /,(A). When the constant A is equal 0 and 3, the Eg. 1, 2 
exactly coinside with the cases of parallel and consequent electrical connections of phases, 
and at A = 1 - with the case of spherical shape of phases inclusions [3,4]. So, the various 
values 0 < A < 1 and 1 < A < 3 correspond to the intermediate electrical connections 
(and sequently intermediate shapes) of phase inclusions. 

For the 2-phase systems Eq.l reduces to a quadratic equation for p (or A). From 
Eq.1,2 the clear relationship (independent on A) between p, S and A can be derived [2] 

$ - S 2 _ P x - p-A-2 , 

>S - ■ C, '2 Pi Aj - Pi A 2 

By Eq. 1 the abrupt change of p, relating to the phase transition, will oc.cure near 
the concentration c, = A/ 3 of the conducting phase. But as the values of p\/p 2 , S 1 /S 2 
and Aj/A -2 are not identical, so according to Eq. 1 - Eq. 3. the ’’jumps” of entities V, p , 
S and A during the phase transformation will occure at different concentrations of high 
pressure phase. Thus, the appropriate transition pressures will seem slightly various, that 
have been observed in experiment [1,2]. A rising of the accuracy of phase transition 
investigations may be achieved by a measurements of several kinetic effects of sample 
simultaneously, and also by using of various type high pressure chambers. 


2 HIGH PRESSURE APPARATUS 


The appropriate equipment, sattisfied the above intention, was constructed by the authors 
of present paper. It includes the high pressure apparatus (fig. 1), the removable plungers 
(fig. 2), and recording block (fig. 3). At the table 1 of the apparatus, the lever 



Figure 1: High pressure apparatus 1 - table, Figure 2: The version of the high pressure 
2 - lever mechanism, 3 - pressure chamber, plungers 1- complex tungsten carbide ma- 
4 - plunger displacement sensor, 5 - reduc- trixes, 2 - supporting rings, 3 - two-layer 
tion gear with the electromotor drive, 6 - tips, 4 - sintered diamond, 5 - the c.on- 
the removeble pressure cassette, 7 - lever tainer of lithigraphic stone for the sample, 
displacement scale. fi - sample. 
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mechanism 2 and the pressure chamber 3 
are established, and the sensors of plunger 
displacement (X) 4, pressure P (stress F) 
and temperature T are set. The reduction 
gear by use of the hand- or the electromo¬ 
tor drive 5 creates the stress, transtered 
to the pressure cassette 6, containing the 
pressure plungers. The values of P were 
estimated from the acting stress F and 
tabulated dependence P(F). recording in 
the apparatus [1]. 

The most parts of apparatus were made 
of titanium alloys. The removable high 
pressure cassette 6, inserting in the pres¬ 
sure chamber 3, containes the modi¬ 
fied plungers of Bridgman anvils type 
[1,5], made of metal, tungsten carbide or 
sinthetic diamonds for the pressure region 
up to 5, 10 and whole 30 GPa, respec¬ 
tively. As a sintered poly crystal dia¬ 
mond is known to be the most hard anil 
high compression strength material for 
the pressure generation [5,6], we had pre¬ 
pared as diamond tips, and two-layer ’’sin¬ 
tered diamond-tungsten carbide” tips for 
our apparatus [7,8], The construction of 



Figure 3: Functional scheme of recording 
block (microcontroller) 1- CPU, 2-ROM, 3- 
RAM, 4- timer, 5 - power supply, 6 - bus, 
7-11 - P1A, 12 - serial interface , 13- key¬ 
board/display, 14-17 - voltmeter, 18 - P- 
sensor, 19- T-sensor, 20- V-sensor, 21- sam¬ 
ple, 22 - port RS-232S (communication with 
computer). 


plungers is also crucial for its work. In our 
version of plungers (fig. 2) the diamond 
(or BN) tips were supporting by the external pressure up to 10 GPa, generated by tungsten 
carbide matrixes [7,8], as in F.P.Bandy apparatus [5], So, the pressure range up to 30 
GPa was available for the plungers with the sintered diamond tips. 


The recording block for the pressure device is shown at fig. 3. This block allowed 
to perform the simultaneous measurements of several parameters of sample during the 
phase transition. It containes the microprocessor 1, interfaces 8-11 for the connection 
the outputs of stall dart digital voltmeters 14-17, communicated with the T,P,X- sensors 
18-20 and the sample electrical outputs 21. The experimental data are stored in the 
energy supply independent R AM, but may be transferee! to IBM-PC by interface 12. The 
operation by measurements and choice the step of the ruling parameter ( P, T, X, etc.) 
may be done by the keyboard 13, the results being read off from the indicator 13. The 
program of operation and testing is stored in ROM 2. 
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3 PHASE TRANSITION INVESTIGATION 
3.1 Methods of measurements 

By using of the high pressure apparatus, shown at fig. 1 - fig. 3, the pressure-induced 
phase transitions in some semiconductors were investigated up to 30 GPa [9,10]. The 
technique of S measurements supposedly will be in detail described in the special paper. 
Here we only outline the peculiar features of it. 

The diamond anvils were the cooler and heater for producing the temperature gradient 
AT along the sample thickness ”d” (fig. 2). Very high thermoconductivity A of diamond 
(~ 2-3 times higher, than A of (Ju) and extremely low A of lithographic stone container 
tend to the considerable intensification of the heat flux density ”q” in the sample, that 
results in the producing a sufficiently high AT = qd/\o [11]; a value of AT are estimated 
by measurements of T near the diamond tips [9,10]. The preliminary calculations of the 
temperature distribution, analogous to [12], showed, that when the A 0 of the sample is 
essentially less, than the A of the diamond, then the error of AT is’nt large, and it may 
be taken into account. Indeed, the majority results of S measurements by using the above 
technique [9,10] and the current ones at hydrostatic pressure up to 2-8 GPa [13,14] were 
in a good agreement. It’s due to note, that in the alternative methods of S measurements 
at high pressures up to 30 GPa [15], where the heat flux is orientated perpendicular to the 
axes of the diamond plungers, it’s hardly possible to produce the appreciable AT because 
of the high thermoconductivity of diamond. 


3.2 Results 


The following examples of phase transition investigations demonstrate the potentialities 
of the discussed equipment. In fig. 4 there is resistance, vs pressure dependence for HgSe 


F, a.u. 

0 2 4 


F, a.u 

2 


F, a.u 




Figure 4: The dependence of resistance (left picture) and thermoelectric voltage of the HgSe 
sample on the stress F for the Gexanit (BN) plungers apparatus (fig. 2) at the constant 
gradient of T (middle picture) and at the progressive reduce of one in the ’’regular” 
thermal regime for consequent cycles of pressure increasing (right picture). 
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F, a.u 

Figure 5: The data of synhronous measure¬ 
ments of plunger displacement X and re¬ 
sistance R of HgSe 0 4 So.6 sample versus the 
stress F, driving by the tungsten-carbide 
plungers apparatus at T=296 K. The B3 B9 
phase transition, beginning at P=0.4 GPa, 
can be seen. 



Figure 6: The resistance R vs pressure P 
for the GajSe.) sample, received in sin¬ 
tered diamond tipped plungers apparatus 
at T=293 K. 


sample. The jump of R forestalls the appropriate jump of S during the semimetal - 
semiconductor phase transition (B3 — B9). that accordes well with the Eq.l-Eq.3. On 
contrary, during a semiconductor - metal transitions a change of S ocures before the 
relevant drop of resistance [2]. 

The method of the S research was described in [9,10]. A platinum-silver ribbons of 
6 /tm thickness were a. potential electrical probes to a sample. The measurements were 
performed as at the constant gradient of T, and also at the progressive reducing of one . 
when the heat supply was cut off ( "regular” thermal regime). As can be seen, the relative 
changes of S in the both cases are approximately the same; the exhibited data agrees well 
with the results of S measurements, received formerly [9, 14]. 

The results of the investigation of analogous phase transition in HgSeo^So.e crystal [16] 
is shown at Fig. 5. The measurements were performed in the tungsten carbide plungers 
apparatus, the lithographic stone was the pressure-transmitting medium. There are two 
observed jumps of p and X within the width of transition. One can see, that the essential 
jump of plunger displacement X occures before such a jump of resistance, as was mentioned 
above. The used equipment allowes also to observe the small effect of pressure drop, 
resulting from the volume contraction of sample, during B3 —► B9 stuctural transition. 
Ihe resemble effect of P reducing by 0.02-0.03 GPa we observed at purely hydrostatic 
conditions in the same sample. 

A new phase transitions were revealed in the semiconductor compounds HgTeS, HgSeS 
[ I (>]. Bi 2 Te 3 , Ga 2 Se 3 [17] etc. by using the discussed equipment. In fig. 6 such a new phase 
transition in Ga 2 Se 3 crystal near P=15 GPa [17] is shown. 
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Cyclic Load 

P. Komer and W. Hiller 

UHDE GmbH, Hagen works, PO Box 4260, D-58089 Hagen, Germany 


The design of pressure vessels is governed by the task of minimising manufacturing costs 
while fulfilling all predefined requirements, which represent a set of design and construction 
criteria. 

These criteria basically come from three parties -the customer, the manufacturer and 
legislation- and focus on subjects such as operating conditions, dimensions, principles of 
construction, materials, applicable pressure vessel codes, closing systems and gaskets. 

An overview of design criteria and the resulting pressure vessel types will be given for the 
high pressure range from 250 to 10,000 bars. 

Two examples -one for static and one for cyclic load- will be reviewed from analysing 
customer needs to realising a modem pressure vessel design. 

The first one is a hydrogenation autoclave for 250 bars and 350 °C with a completely 
encapsulated agitator, the second one a vessel for tobacco expansion with nitrogen, designed 
for a minimum of 140,000 cycles at 825 bars and 100 °C. 


1. INTRODUCTION 

High pressure vessels under static loading show substantial differences from low pressure 
vessels in terms of materials and fabrication method. 

Additionally, in the pressure range from 250 bar to 10,000 bar a great number of batch 
processes can be found. This means, that the design of pressure vessels for these applications 
has to deal with cyclic loading and fatigue, considering far more severe conditions than at low 
pressure service. 

Table 1 gives an overview of high pressure processes currently employed and their 
classification for batch / continuous service. The types of pressure vessels fabricated for these 
design conditions can be seen in table 2. 
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Table 1. 


High pressure processes 



max. pressure 

max. temperature 

process type 

Hydrogenation 

250 bar 

350°C 

batch/cont. 

Super Critical Fluid Dyeing (SCFD) 

300 bar 

300°C 

batch 

Extraction 

550 bar 

120°C 

batch/cont. 

Tobacco Expansion 

825 bar 

100°C 

batch 

Isostatic Pressing 

4,000 bar 

1,500°C* 

batch 

Low Density Polyethylene (LDPE) 

4,000 bar 

350°C 

cont. 

High Pressure Sterilisation 

10,000 bar 

-10°C/+50°C 

batch 

* requires a special cooling system for the pressure vessel 



Table 2. 




Types of high pressure vessels 





max. pressure 

max. temperature 

max. ID. 

Welded vessels 

600 bar 

350°C 

2000 mm 

Forged vessels 

2,000 bar 

350°C 

2000 mm 

Autofrettaged forged vessels 

4,000 bar 

350°C 

200 mm 

Multi-Ring 

6,000 bar 

100°C 

500 mm 

Wire wound / plate wound 

10,000 bar 

-20°C / +50°C 

500 mm 


2. DESIGN CRITERIA FOR STATIC LOADING 

From the customer point of view, the criteria for the design of a pressure vessel are 
determined in terms of costs (initial and subsequent) and output of a product (quantity and 
quality). While the initial cost of a pressure vessel is simply the price for purchasing and 
installation, subsequent costs are far more difficult to judge, because they depend on life time 
expectancy, reliability in service and effort for maintenance. 

Since a container under internal pressure represents a risk for health and safety, extensive 
government regulations set minimum standards for the save construction of a pressure vessel. 
These safety regulations not only focus on the design, they intend to procure a throughout 
quality approach for the fabrication of the vessel. 

Regulated areas in the construction of a pressure vessel are (details depend upon the 
national code): design and calculation, permissible materials, quality control of materials, 
quality control of the fabrication processes (particularly welding), safety devices and -last but 
not least- full certification and documentation. 
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It remains the task of the manufacturer to fulfil the above mentioned requirements with the 
most suitable design principle and materials, aiming at a competitive price and low running 
costs for the operating of the vessel. 

The dimensioning of vessel walls is generally controlled by the static failure mode "gross 
plastic deformation". Elastic stresses have to be kept below the limits according to the 
applicable stress category. 


3. DESIGN CRITERIA FOR CYCLIC LOADING 

When the pressure vessel is intended for batch service, particular attention often has to be 
paid on short opening / closing time of the closure system. 

From the safety point of view, cyclic loading means that fatigue can occur at stress levels 
far below the limits for static strength. 

Since fatigue always occurs at locations of stress concentrations or material imperfections, 
peak stresses and stresses at welding locations have to be calculated and evaluated. 

Although the Finite Element Method is still not very common for calculating the static 
strength of a vessel, it became a standard tool for computation of peak stresses (Figure 1) for 
fatigue analysis. 

The most common pressure vessel codes that include the evaluation of fatigue are the 
North-American "ASME Section VIII Division 2" [1] and the German "AD-Merkblatt S2" 
[2], the latter being the most detailed fatigue analysis currently available in pressure vessel 
codes. 



Figure 1. Finite Element model of a clamp closure for calculation of peak stresses 
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4. DESIGN EXAMPLES FOR STATIC AND CYCLIC LOADING 

The following two pressure vessel types have been built for erection in France, hence the 
French pressure vessel code CODAP [3] has been followed. 

4.1. HP-hydrogenation autoclave (figure 2) 

For the design conditions 250 bar and 350°C an autoclave of 1800 litres equipped with a 
stirrer had to be designed. Further design criteria set by the customer were: austenitic stainless 
steel for all parts in contact with the medium, fast temperature control, extremely low leakage 
rate. 

Since the duration of one batch cycle is about 1 day -which calculates to 7,000 cycles for 
20 years- the design was governed basically by the static load. 



Figure 2. HP-hydrogenation autoclave Figure 3. HP-tobacco expansion vessel 

4.1.1. Selection of materials 

In order to keep manufacturing costs low, a welded plate structure of medium strength fine¬ 
grained steels with good welding characteristics has been chosen. For an inner diameter of 
1100 mm this is a much cheaper solution than a forging. 

Because of the size and the pressure of the vessel, austenitic stainless steel could not be 
used throughout, but must be applied on the inner surfaces of the ferritic material. This has 
been done by explosion plating of a 4 mm cladding on the base material prior to rolling the 
cylinder and forming the hemispherical head. For the flat cover and the sealing faces weld¬ 
cladding was applied. 
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4.1.2. Sealing systems 

Because of the high temperature encountered, a metallic gasket had to be used. In order to 
keep the bolt forces low (considering pressure and inner diameter), it was preferable not to 
choose flat gaskets with high pretensioning requirements, but instead a self-intensifying type 
like the Gray-type sealing (similar to double cone ring). 

The sealing of a rotating shaft under low leakage conditions is extremely difficult, therefore 
the stirrer shaft was built completely encapsulated by austenitic material and the transmission 
of the torque was realised using a permanent magnetic coupling. The magnets were based on 
samarium-cobalt and are able to transmit a torque of 135 Nm. 

4.1.3. Heating 

A high heat transfer rate was guaranteed by the simultaneous use of a heating jacket and an 
internal coil; the heating medium was a thermal oil. 

4.2. HP-tobacco expansion vessel (figure 3) 

For a tobacco expansion plant several vessels had to be built for a process, in which rapid 
pressurising and depressurising takes place. The design conditions were 825 bar and 100°C 
with 2-3 cycles per hour, which means that the mechanical design of the vessels was governed 
by fatigue. Since the French pressure vessel code does not provide detailed fatigue rules, the 
customer agreed upon the German design rules for cyclic loading and a number of permissible 
cycles of 140,000 (based on the 1990 edition of AD-S2). It has to be pointed out, that after 
inspection of the vessel, it can be used for more than the initially permitted number of load 
cycles. 

Further design requirements set by the customer were: Only stainless steel in contact with 
the tobacco, short opening and closing time, heating jacket. 

4.2.1. Closure system and gasket 

Because of the low design temperature of 100°C. an elastomer gasket material, which does 
not wear down the sealing surfaces too much, could be chosen. For two reasons it was 
advisable to use a self-intensifying type of gasket (lip seal): Firstly, the high pressure can be 
safely contained, and secondly, no pretensioning is necessary. 

Having selected the gasket, a fast closure system for covers with sealings that needs no 
pretensioning is the clamp closure device (Figures 1 and 3). The design of the clamp is 
focused on keeping the peak stresses under the fatigue limit for the permissible number of 
cycles. From the static point of view the clamp is over-dimensioned, i.e. the allowable 
membrane and bending stresses are far below their limit. As an effective design tool for such a 
task, parametric 3-D Finite Element modelling and shape optimisation algorithms were used. 
The groove area of the clamp - as all locations of stress concentration - has been polished to a 
surface roughness < 6pm. 
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4.2.2. Selection of materials 

For the pressure of 825 bar forgings of high strength ferritic-martensitic material have to 
be used. These steels are normally not suitable for welding. Because of special corrosion 
requirements and in order to avoid the use of liners, a martensitic precipitation-hardening 
stainless chromium steel was used for the cylinder and the covers. The clamps were made of a 
low alloy high strength steel. 

The steels used for this pressure range are beyond the scope of the national codes and have 
been approved by an individual testing and certification procedure. 

5. CONCLUSION 

While the design of a pressure vessel for static loading is principally governed by 
dimensioning against gross plastic deformation of the vessel (bursting), the design for cyclic 
load can be -depending on the cycle time and design details- controlled by the fatigue failure 
mode. As a result, special attention has to be directed on a smooth geometry and good surface 
finish in the region of stress concentration. 

The number of permissible load cycles, which results from the fatigue stress evaluation, 
does not necessarily determine the life time expectancy of the pressure vessel, but sets the 
intervals for fissure tests. 
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Hydrodynamic Behaviour of Packed Column under High Pressure 
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The object of this study wav to characterize the flow and to measure the hold-up and 
axial dispersion coefficients of the fluid phases (water-nitrogen) in a countercurrent gas- 
liquid packed column, operating under a pressure up to 1.5 MPa. 

Determinations of Peclet number were carried out by comparison between 
experimental residence lime distribution curves and the plug flow mode! with axial 
dispersion. Hold-up and axial dispersion coefficient , for the gas and liquid phases are then 
obtained as a function of pressure. In the range from 0.1-1.3 MPa , the obtained results 
show that the hydrodynamic behaviour of the liquid phase is tndependant of pressure. The 
influence of pressure on the axial dispersion coefficient in the gas phase is demonstrated for 
a constant gas flow velocity maintained at 0.037 m s. 


1. INTRODUCTION 

In industry, many installations operate under pressure for technical and/or economic 
reasons. Although many hydrodynamic studies have been reported for liquid-gas contactors 
at atmospheric pressure, there are few concerning elevated pressure. The aim of this study is 
to investigate the influence of pressure on fluid flow in a packed column operating with a 
gas-liquid countercurrent. 

When a fluid passes through a packed column, the flow is divided due to the 
packing. Modelling of these phenomena is carried out by superimposing a dispersion, 
characterized by a coefficient D on the convective plug flow of velocity U. This is the 
model for an axial dispersion reactor. This model allows characterisation of a flow with 
intermediate properties between those of the plug flow reactor and those of a continuous 
stirred reactor. 

The mathematical description of the global phenomenon leads to the general 
differential equation : 

dC _ J^cEC dC 

d6 ” Pe dZ 2 ~ dZ 1) 

In the case of a reactor open to dispersion, resolution of the equation is analytically 
possible and leads to the following solution : 
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From a practical point of view, it is possible to consider a closed-closed system as an 
open-open system and to apply the equation (2). In order to validate this hypothesis and to 
exploit the experimentally obtained curves of RTD (residence time distribution) 
Van Gelder el al [1] suggest ignoring the time spent by the tracer outside the reactor (before 
and after) in the obtained curves. 


2. EXPERIMENTAL SET-UP AND PROCEDURE 


The experimental study was carried out using the distribution of residence times, a 
method which can also be used under pressure. The use of a tracer allows simulation of the 
behaviour of fluids in the column during operation. 

Figure 1 shows the experimental apparatus used. The glass column (1), of inner 
diameter 62 mm is packed to a height of 1 m with Berl saddles (6.4 mm). The column 
operates with a countercurrent at a pressure up to 1.5 MPa. The water is fed into the column 
from a tank (2) maintained at a higher pressure than the operating pressure. Nitrogen is fed 
into the bottom of the column from a gas cylinder (20.0 MPa). 


9 H 



Liquid 

Figure 1. Flowsheet of the experimental apparatus. 


1- Packed column 

2- Liquid feed tank 

3- Tracer injection loop 

4- Outlet pressure regulator 

5- Tracer analyser 

6- Recorder 

7- Gas cylinder 

8- Safety valve 

9- Manometer 

10- Liquid flowmeter 

11- Gas flowmeter 


Injection of liquid tracer (KC1 at 3M) under pressure is achieved by a system of 
three electrovalves (3) and allows injection of the tracer with a Dirac type impulse. The 
tracer concentration is monitored in time using a conductimeter and a recorder. In order to 
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eliminate the time spent by the tracer outside the column from the curves, a second 
injection, identical to the first, is carried out at the column output. 

For injection of gas tracer, a similar system was used with oxygen as tracer. The 
concentration of oxygen in the output gas was monitored with a paramagnetic analyser. The 
liquid phase (water) was first saturated with oxygen in the tank (2) before introduction into 
the column. Preliminary analyses of the feed gas and output gas have shown that absorption 
or desorption of the tracer was negligible up to a pressure of 1.3 MPa. 


3. EXPERIMENTAL RESULTS 

3.1. Gas phase 

Figure 2 shows a typical example of response to the two injections impulse of tracer, 
carried out at the reactor input and output, with countercurrent gas-liquid flow at 0.7 MPa. 

Identification of the experimental RTD curve by deconvolution of the two signals, to 
the plug flow model with axial dispersion Figure 3, allows access to residence time x and 
the Peclet number. 


scaled 



Figure 2.Response curve to injection impulsion Figure 3. Application of the plug flow 

at reactor input and output under 0.7 MPa with axial dispersion in the gas phase 


3.1.1. Axial dispersion 

At atmospheric pressure, the axial dispersion coefficient D g = U g H/ Pe g was 
determined for gas velocities ranging from 0.02 to 0.13 m/s and for a constant liquid flow 
rate of 4.63 kg/m 2 s. Figure 4 shows that the axial dispersion coefficient increases with the 
gas velocity. D g increases from 0.5.10’ 3 m 2 /s to 9.5.10" m 2 /s when the gas velocity increases 
from 0.02 to 0.13 m/s which corresponds to Bodenstein's number Bo between 0.09 and 0.2. 
This result is very similar to that obtained by SATER el a/.[ 2] who used Berl saddles of 
12.7 mm. 

Figure 5 shows the influence of pressure on the axial dispersion of the gas during 
diphasic flow. For a constant gas velocity, the axial dispersion coefficient increases 
significantly when the operating pressure increases from 0.1 to 1.3 MPa. 
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This result is unique as to our knowledge, no study has been published to date 
concerning the influence of pressure on this parameter and comparison with results in the 
literature is therefore impossible. To operate at constant gas velocity when the pressure 
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Figure 4. Influence of gas velocity on axial Figure 5. Influence of pressure on the axial 
dispersion in the gas phase at atmospheric dispersion coefficient in the gas phase. 

Pressure. 


increases, it is necessary to increase the gas mass flow to compensate for the increase in 
volumic density. One may think that this variation in gas mass flow could explain the 
influence of pressure on D g . However, our results show that the gas residence time is 
independent of pressure despite the gas mass flow variations at constant gas velocity 
(table 1). One explanation, for a given liquid flow, may be related to the flow regimes (films 
or drops) and an interpenetration of fluids as we have recently reported during studies on 
interfacial areas under pressure [3]. 

Table 1 - 


Residence time r in seconds according to pressure and U g =0.037 m/s 



3.1.2. Gas hold-up 

The determination of the residence time of the gas phase t by identification of the 
experimental RTD curves, allows us to obtain the total gas hold-up [4] by the equation : 


H 


( 3 ) 





683 


In the absence of liquid flow the gas hold-up is 0.58. This value is the porosity of the 
packing determined with a 10% error by a volumetric method. For constant gas velocity at 
0.037 m/s measurement of the total hold-up in the gas phase have shown that the pressure 
had no effect on this hydrodynamic parameter in the range 0.1 to 1.3 MPa. This result can 
be explained by the fact that the hold-up only depends on the residence time, which is 
constant for a given gas velocity in the pressure range studied, as shown in table 1 


3.2 Liquid phase 

As for the RTD study in the gas phase, we have used the method of two injections. 
The response of the conductimetric probe to the input and output injections, with a Dirac 
tracer impulse, is shown in figure 6. In order to model the liquid flow, several theoretical 
models were tested. The liquid flow corresponded to plug flow with axial dispersion as 
shown in figure 7. 




Figure 6. Response curve to injection impulse Figure 7. Identification of RTD curves by 
input and output at 0.5 MPa. plug flow model with axial dispersion. 


3.2.1. Axial dispersion 

The parameter obtained after identification of the system as plug flow with axial 
dispersion, is the Peclet number defined from the packing height and the real fluid flow 
velocity: 


Pe L = 


Ul-H 

D l 


(4) 


According to our results obtained up to 1.3 MPa, no effect of pressure on the Peclet 
number was observed. The dispersion coefficient D, depends only on the liquid flow rate. 
Figure 8 shows an increase of D| according to flow rate under atmospheric pressure. This 
result is in agreement with that obtained by Van Gelder el al. [1], 
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3.2.2. Liquid hold-up 

As for the gas phase, the liquid hold-up was determined from identification of RTD 
curves. A series of experiments allowed us to study the variation in liquid hold-up according 
to liquid and gas flow rates in the pressure range 0.1 to 1.3 MPa. 

Figure 9 shows that the liquid hold-up increases with liquid flow rate, when only the 
liquid is flowing. 

The same result is obtained for countercurrent flow. The increase of gas flow rate 
from 0.02 to 0.19 kg/m 2 s has no influence on the liquid hold-up. At low gas flow rates, 
interaction between the two fluids is negligible and the texture of the liquid is identical to 
that of the liquid flow alone. This result has already been observed by Van Swaaij el al. [5] 
in a column packed with Raschig rings and operating with a countercurrent flow. 
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Figure 8. Influence of liquid flow rate on axial Figure 9. Influence of liquid flow rate on 
dispersion at atmospheric pressure. liquid hold-up at atmospheric pressure. 


The study under pressure with countercurrent flow has shown that the operating 
pressure has no effect on hold-up. In fact for a liquid flow rate of 4.63 kg/m 2 s and constant 
gas velocity of 0.037 m/s, liquid hold-up is 0.21 for pressure ranging between 
0.1 and 1.3 MPa. This result is in agreement with the conclusions of Van Gelder el al. [1] 
concerning the influence of pressure on liquid hold-up in a packed column operating with 
cocurrent flow. Larachi el al. [4] report the same observations in a fixed bed column with 
cocurrent flow. 


4. Conclusion 

This study, which contributes towards the understanding of hydrodynamic behaviour 
of gas-liquid reactors at elevated pressure, has shown the influence of pressure on the gas 
flow in a packed column through the axial dispersion coefficient. The gas flow diverges 
from plug flow when the pressure increases. As for the gas hold-up, an important parameter 
for the calculation of the reactional volume of a reactor, the pressure has no effect on this 
parameter in the studied range. This result allows to extrapolate gas hold-up values obtained 
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at atmospheric pressure to elevated pressure. No influence of pressure was found on liquid 
flow or liquid hold-up. These results seem obvious if we consider that the physical 
properties of the liquid are independent of pressure. 


Notation 


Bo 

: Bodenstein number 

Bo=U.d/D 

C 

: tracer concentration 

(mol/m : ') 

d 

: column diameter 

(m) 

D 

: axial dispersion coefficient 

(m 2 /s) 

E(0) 

: dimensionless residence time 


Ecxp: 

experimental curve 


G 

: gas mass flow rate 

(kg/nr.s) 

H 

: height of column 

(m) 

L 

: liquid mass flow rate 

(kg/mLs) 

P 

: operating pressure 

(MPa) 

Pe 

: Peclet number 


t 

: time 

(s) 

U 

: superficial fluid velocity 

(m/s) 


Greek symbols 
p : total hold-up 
9 : dimensionless time 0=t/x 
i : mean residence time (s) 

Subscripts 

g : gas 

L : liquid 
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Supercritical Adsorption and Desorption Measurements using a New Automated 
Apparatus 

P. Alessi 3 , A. Cortesi 3 ,1. Kikic 3 and R. Kittel b 
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P.le Europa, 1, 34127 Trieste, Italy. 

b Institut fur Thermodynamik und Reaktionstechnik, TU Berlin, Strasse des 17. Juni 135, 
10623 Berlin, Germany 


I. ABSTRACT 

A new equipment for adsorption and desorption measurements, similar to that suggested in a 
previous work, was assembled. With this apparatus experiments can be carried out at pressure 
up to 500 bar at water bath temperatures. The equipment consists of three parts: a high 
pressure pump, a water bath where the sample column is placed and a UV detector. 

The apparatus, tested on the basis of literature data, has been used for adsorption and 
desorption measurements of a drug (nimesulide) in activated carbon. 


2. INTRODUCTION 

Many potential applications have been proposed which involve the desorption of solutes from 
matrix using SCF solvents at elevated pressure: these include activated carbon regeneration 
[l,2,3,4,5]and soil remediation [6,7,8] using supercritical carbon dioxide. 

To design large scale supercritical desorption processes is necessary to understand in which 
way dynamic desorption is influenced by process variables as mass transfer effects and 
equilibrium considerations. The governing equilibrium in all desorption processes is the 
adsorption equilibrium and a description of this equilibrium is essential in all desorption models 
and design equations [3], 

Several authors [2,3,9] have demonstrated that a complete knowledge of adsorption in certain 
cases is sufficient to accurately predict desorption behaviour. 

For example, the local equilibrium theory combined with an accurate adsorption model (fitted 
to experimental adsorption equilibrium data) was succesfully used to predict experimental 
desorption data [2,3]. 

In literature the existing experimental data base of supercritical adsorption equilibria is limited 
and most of the data have been modelled with one of three common adsorption isotherm 
models - the Langmuir, the Freundlich and the Toth. The models define adsorption isotherms 
with a similar shape and they have 2 or 3 adjustable parameters which allow an accurate 
correlation. 
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In supercritical adsorption processes the crucial problem encountered is that, summing up to 
fluid phase solute concentration, the adsorption equilibria is influenced by the system 
temperature and by the supercritical fluid density. So, the variation of the parameters in 
isotherm models as a function of both temperature and density limits the applicability of the 
equations when they are used for fitting experimental data. To date, due partly to insufficient 
data, the density and temperature dependence of the isotherm parameters has not been 
established. 

The aim of this work is to investigate the adsorption and desorption of a pharmaceutical 
compound, taken as representative of a complex chemical molecule, on activated carbon. 
Nimesulide is a non steroidal anti-inflammatory drug currently used in defeating respiratory 
tract infections. 

Solubility data of nimesulide, which are essential when supercritical sorption is studied, were 
determined in a previous work by using a dynamic apparatus [10], 

A new experimental sorption apparatus, based on previous experiences [3,9], was designed for 
this study. This apparatus is described and the first results of the study are presented. The 
adsorption apparatus was tested by determining the adsorption of salicylic acid on activated 
carbon from supercritical CO? as reported elsewhere [11]. 


3. EXPERIMENTAL 
3.1. Materials 

The CO 2 used in this study had food grade purity (99.98%) and was delivered in high pressure 
bombs by SIAD. 

Nimesulide, 4-nitro-2-phenoxymethanesulfonanilide, was provided by Helsinn and used in the 
delivered purity of 99.9% without further purification. Its molecular weight is 308.31. 

Calgon Filtrasorb 400 activated carbon, for which some properties are listed in table 1, was 
used. It is originally designed for wastewater treatment, but it was found to be useful in 
adsorption/desorption studies. 


Table 1 

Properties of Filtrasorb 400 


Property 

Value 

median surface area 
(N 2 BET Method) 

900-1100 m 2 /g 

Particle density 

0.9 g/cm 3 

Pore Volume 

0.85-0.95 cm 3 /g 

Particle size 

0.55-0.75 mm 


3.2. Sorption apparatus 

Figure 1 gives a schematic overview of the whole adsorption equipment. With this apparatus 
adsorption/desorption experiments can be carried out up to 500 bar pressure at water bath 
temperatures. The equipment consists of three main sections: a high pressure pump, the water 
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bath containing the sample column and the UV Detector. The C0 2 is supplied by a high 
pressure bomb at 45-75 bar. The two cylinders (150ml volume each one) of the syringe-pump 
(SFC 300, Fisons Instruments) are cooled at 0°C by a cooling unit (Haake K, Haake N3). The 
cooling temperature was chosen in order to have pure C0 2 in the liquid phase. The pump 
provides a flow-stream up to 7000 ml/min at pressures up to 500 bar, where each cylinder 
supplies a stream to the system in the water bath. 



A constant pressure or constant flow operating mode are assured by a personal computer 
(Fison Instr. software) so that either of these values is held constant by altering the other. The 
flow-meter in the pump registers the volume-flow of both cylinders, whereas the supply-ratio is 
set within the computer-program. If only one solvent flow is used, the pump can be 
programmed in constant operation, i.e. when one of the cylinders is exhausted, the other one 
overtakes operation and the first one is refilled automatically. In the water bath the sorption 
system is maintained at constant temperature by a heater (Fisons/Haake DC3) within ± 0.2°C. 
The supply stream of cylinder A leads to a saturation column (length 250 mm, inner diameter 
9.3 mm) in which the solvent stream is saturated with the sorbate. This column can be 
bypassed by means of two 3-way valves (V-l, V-3). The first pressure transducer PI 1 (DS 
Europe, LP632) is located before the following mixing-tee-piece, where the saturated solvent 
flow of cylinder A and the pure solvent flow of cylinder B are mixed. Setting the supply-ratio 
of the cylinders, the concentration of the sorbate in the solvent can be altered. The mixed 
stream is forced to a 6-port switching valve (V-4; Valeo), leading to the sample column which 
contains the adsorbent or bypassing it. This switching valve enables the gravimetric analysis of 
the sample column, without disturbing the other parts of the system. The sample column, in 
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which the activated carbon was packed, consists of stainless steel (length 30.7 mm, inner 
diameter 3.7 mm); the carbon is held in place using two 2 pm stainless steel chromatography 
filters in order to prevent loss of adsorbent. The column contains about 0.15 grams of 
activated carbon. After the 6-port valve a second pressure transducer PI 2 (same type as PI 1) 
is located, followed by the variable wavelenght UV-Detector (UVIS 204, Linear Instruments). 
The detector cell is placed outside the bath, therefore the supply lines, as short as possible, are 
maintained at the same temperature of the bath. The UV-Signal is read out by the RS232- 
communication port to a personal computer, which records the values and the current time in 
desired periods (minimum 5s) in an ASCII-file. These files can be imported easily in other 
computer programs to perform all the calculations. The effluent stream is then lead through a 
cleaning column, which is filled with activated carbon to remove resident sorbate for 
preventing the following pressure-reducer-valve (CV-1) to be blocked up. This column can be 
shut off by valves V-5 and V-6. The solvent volume flow is then measured (Bronkhurst Hi- 
Tec, el-flow) under atmospheric conditions and the flow-meter signal processor (Bronkhurst, 
S200D) calculates the absolute volume of gas. 


4, RESULTS AND DISCUSSION 

The results of the adsorption experiments are presented in table 2. The equilibrium solubilities 
at the same conditions were determined and reported in a previous work [10]. The density 
values used were those of pure C0 2 [12] because nimesulide is only a trace component (max. 
solubility 0.0446 g/1 at 22 MPa). As it can be seen, the sorbate capacity of activated carbon 
decreases with increasing pressure and density of C0 2 , regarding the values at similar 
concentrations as well as the total adsorption capacity at saturation concentrations. The higher 
solvent power of C0 2 at increasing pressure/density could be an explanation for the adsorption 
equilibrium shift in direction to lower coverage. 

Furthermore, table 2 and figure 2 demonstrate the high affinity of the activated carbon surface 
for nimesulide. The equilibrium loadings at 10-20% of the saturation concentration are in the 
region of 80-90% of the final equilibrium loading at saturation concentration. 

Carbon dioxide adsorption was not considered in these conditions according to the conclusions 
reported by King [13]. 

The best results to describe the adsorption isotherm by the selected isotherm equations were 
achieved by the Toth model. The Freundlich model showed in some cases a lack of flexibility in 
describing the region were the linear behaviour changed to saturation behaviour (22 MPa) and 
the Langmuir-model in some cases had difficulties in describing the region were the adsorbate 
is saturated (16 MPa). 

At the same PT condition of adsorption three desorption runs were carried out. 

In table 3 the desorption capacities of each experiment are presented. It can be seen that the 
desorption capacity (ratio between the desorbed and filled nimesulide) increases with 
increasing solubility of nimesulide in C0 2 . Due to the high affinity of the activated carbon 
surface to nimesulide the desorption capacity itself is very poor (max. value 38%). Since higher 
desorption capacity are related to higher solubilities, the addition of co-solvents to C0 2 , as 
proposed by Macnaughton et al. [9], can increase the solubility and therewith the desorption 
capacity. 



Table 2 

Experimental equilibrium adsorption loadings 
T = 313.1 K 
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Pressure [bar] 
Density [g/cc] 
Solubility 
[g/cc] 

Concentr. 

[g/cc-10 4 ] 

0.179 

0.484 

0.857 

1.32 

1.73 


160.0 

0.79 

1.77-10' 4 

Loading 

(g/gcarbon) 

0.409 

0.477 

0.519 

0.560 

0.573 


Pressure [bar] 
Density [g/cc] 
Solubility 
[g/cc] 

Concentr. 

[g/cc-10 4 ] 

0.631 

1.20 

1.76 

2.33 

2.83 


190.0 Pressure [bar] 

0.83 Density [g/cc] 

Solubility 

2.97-10^ [g/cc] 

Loading Concentr. 

(g/gcarbon) [g/cc-10 4 ] 

0.489 0.452 

0.538 1.37 

0.551 2.23 

0.565 3.20 

0.570 4.26 


220.0 

0.86 

4.46-1 O’ 4 


Loading 

(g/gcarbon) 



0.491 

0.511 



0.00 5.0E-5 1.5E-4 2.5E-4 3.5E-4 4.5E-4 

Nimesulide Concentration [g/ml] 

Figure 2. Adsorption isotherms. 

The experimental desorption concentration profiles were obtained in the same way as the 
experimental adsorption profiles. However, using the local equilibrium model to describe the 
process, only qualitatively results can be obtained. Mass transfer resistance has stronger effect 
on desorption in comparison to adsorption so its importance cannot be neglected in the 
modeling. 
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Table 3 


Desorption capacities 


Pressure [MPa] 

Sat. Solubility [g/cm 3 ] 

Des. capacity % 

22 

4.46E-4 

38 

19 

2.97E-4 

30.7 

16 

1.77E-4 

28 


5. CONCLUSIONS 

Adsorption and desorption measurements of nimesulide in supercritical carbon dioxide on 
activated carbon are determined at 313.1 K and in a pressure range of 160-220 bar. 

The measured desorption capacities are too poor to design a separation process based on these 
materials. Further investigations could be made adding co-solvents to C0 2 to achieve a higher 
desorption potential. 

The automated sorption apparatus developped can be useful for easy and rapid adsorption and 
desorption measurements of solutes in supercritical fluids. 
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A Novel Microwave Autoclave for Automation of High Pressure Chemical 
Reaction Applications 

W. Lautenschlaeger, W.G. Engelhart, M. Metzger, F. Visinoni - MLS/Milestone s.r.l. - Via 
Fatebenefratelli 1/5 - 24010 SORISOLE (BG) Italy. 

Hundreds of laboratories currently utilize microwave systems to accelerate the preparation 
of samples for research purposes, quality control and process control analyses. 

Conventional microwave systems with multi-mode cavities and doors are designed for manual 
operation. A new microwave autoclave eliminates the impediments to automating microwave 
chemistry procedures. The ultraCLAVE™ system combines microwave heating with high 
pressure vessel technology allowing chemical reactions to be conducted at pressures and 
temperatures up to 200 bar (2,900 psig) and 350°C. The system is specifically designed for 
semi-automated batch processing of multiple samples. Full automation is achieved by 
interfacing a laboratory robot arm to load/unload sample racks. 

In operation containers constructed of microwave-transparent materials, (e g. : quartz or 
fluoropolymers), are used to hold multiple samples inside the ultraCLAVE IM . The interior of 
the stainless steel vessel is protected by a titanium nitride or multi-layer PTFE plasma coating 
for complete acid and chemical resistance. Sample containers may be open or covered by a lid 
After the samples are loaded (manually or robotically) the ultraCLAVE™ cover is lowered 
into place by an electric motor controlled from the system’s PC. The vessel closure is engaged 
and secured in place to seal the ultraCLAVE™ for high pressure operation. 

Microwave heating and reaction parameters are selected and entered in the PC control 
software. Microwave power settings from 0 - 1000 watts may be selected. Continuous 
impulsed microwave energy from the system’s magnetron is introduced into the high pressure 
vessel through a special microwave-transparent port. Reaction pressure and temperature 
conditions are directly measured and controlled by the system PC. The system’s compressor 
introduces pressurized nitrogen gas into the ultraCLAVE rM . This high pressure nitrogen 
atmosphere greatly exceeds the vapor pressure developed inside the sample containers from 
microwave heating. Nitrogen pressure ensures that sample solutions are retained inside open or 
covered containers, with zero losses and absolutely no cross-contamination. When microwave 
emission is stopped at the conclusion of a run, microwave absorption and heating of the 
samples/reaction mixtures instantaneously ceases, minimizing by-product formation. With no 
further microwave absorption occurring vapor pressure from the heated sample solutions 
decreases to ambient conditions allowing a gradual release of nitrogen compensation pressure. 
When atmospheric pressure is reached inside the ultraCLAVE™ the closure can be disengaged 
and cover lift mechanism operated to open the vessel for removal of samples. 

The unique operating principle of the ultraCLAVE™ offers several major advantages for 
research involving combinatorial chemistry. Firstly, racks containing multiple samples and 
reaction mixtures can be run inside the vessel. Secondly, promising chemistries can be scaled 
up to from milliliters to > 2 liters. Thirdly, the ultraCLAVE™ may be evacuated and purged so 
samples/reactions may be conducted in an oxygen free inert atmosphere of nitrogen to 
minimize oxidative degradation of reaction products. 
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Lastly, the semi-automated batch operating mode of the ultraCLAVE™ facilitates high 
throughput reaction screening and full system automation is feasible. 

Related applications include: peptide/protein hydrolysis, heterogeneous catalysis 
reactions, acid digestion of samples, (e g. : tissue, implants, catalysts, drugs, etc), for AA / ICP 
/ ICP-MS analysis, solvent extractions, processing and/or destruction of toxic chemicals, 
chemotherapy and anti-neoplastic agents. 


1. EXAMPLE OF A PHARMACEUTICAL INDUSTRY APPLICATION FOR THE 
ULTRACLAVE™ 

Acid digestion of cellulose yields chiral synthon ... 


Cellulose 



Levoglucosene 


... used to produce nucleoside antiviral drugs 



Adenosine 

mimic 
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2. ULTRACLAVE™ ADVANTAGES FOR COMBINATORIAL CHEMISTRY 

1. The system is specifically designed for semi-automated batch processing of samples. 
Full automation is possible by interfacing a laboratory robot to load/unload samples. 

2. The 4.2 liter autoclave capacity accommodates a large number of samples for high 
throughput screening 

3. All samples are processed under equivalent reaction conditions (PAT, MW power, etc) 

4. Samples are processed in an inert atmosphere of nitrogen to prevent oxidative 
degradation of reaction products. 

5. “Scale-up” of promising reactions from microliters to 2.5 liters can be accomplished in 
the same system 

6. softWAVE™ PC control program documents reaction parameters from all runs in 
Paradox™ database for validation purposes 

7. When microwave emission is stopped, microwave absorption by reactants and further 
heating of the reaction mixture instantaneously ceases, minimizing by-product 
formation and product degradation 

8. Certain reactants, carrier solvents, catalysts and chemically active coatings applied to 
inert substrates directly absorb microwave energy. 


3. ULTRACLAVE™ SPECIFICATIONS 


Microwave Power: 
Microwave Emission: 
Magnetron Frequency: 
Autoclave Design : 

Pressure Vessel: 

Maximum Temperature: 
Vessel Safety Certifications: 


0-1000 Watts (programmable in 1 Watt increment) 
continuous unpulsed 
2450 Mhz 

4.2 liter high pressure, stainless steel vessel with Titanium 
nitride coating 

200 Bar (2,900 psig) M.A.W.P. - Maximum Allowable 
Working Pressure 

350°C 

hydrostatically tested to 800 Bar (11,600 psig) for 
German TUV. Meets A.S.M.E Code criteria 


Cover Lift Mechanism: electronic motor for automatic raising/lowering 

System Control: via IBM-compatible PC with softWAVE™ Windows™ 

based control software 
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4. ULTRACLAVE™ OPERATING SEQUENCE 

Step 1 Load microwave-transparent sample containers manually/robotically 

Step 2. Vessel cover lowers automatically, engage closure mechanism and seal 

vessel for high pressure operation 

Step 3. Reaction Parameters (P/T, MW Power and Time) entered in PC control 

software 

Step 4. System compressor introduces pressurized nitrogen gas 

Step 5. Commence microwave heating cycle and reaction 

Step 6. At the end of the program, microwave emission ceases instantaneously 

stopping absorption of microwave energy by reactants and further 
heating 

Step 7. Control valve gradually releases N2 gas to atmospheric pressure, vessel 

closure disengages and cover lift opens vessel for removal of samples 


M-ltraC LAVE Micro vave Autoclave 


1 
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MILESTONE’S ULTRACLAVE 

HIGH PRESSURE MICROWAVE AUTOCLAVE 

UNITED STATES PATENT (19) (11) Patent Number: 5,382,414 

Lautenschlaeger _(45)_ Date of Patent: Jan. 17, 1995 

ABSTRACT 


(54) APPARATUS FOR 

PERFORMING CHEMICAL AND 
PHYSICAL PRESSURE 
REACTIONS 

(75) Inventor: Werner Lautenschlaeger, 
Leutkirch, Germany 

(73) Assignee: MLS Mikrowellen-Labor 
Systeme GmbH, Leutkirch, 

Germany 


11 



18 


The invention relates to apparatus for 
performing chemical and physical pressure 
reactions on samples by the action of 
microwaves, having container inserts to 
receive the samples that are at least in part 
microwave-permeable and are arranged in a 
microwave-impermeable housing connected 
via at least one coupling opening to a 
microwave generator. To enable pressure 
reactions to be performed at higher pressures 
and more economically overall, it is 
proposed according to the invention that the 
housing include at least one pressure vessel 
(4) of high-pressure resistant material whose 
coupling opening (12) is microwave- 
permeable and closed in a high-pressure 
resistant manner, and that a single container 
insert is arranged in the pressure vessel (4) so 
as to fit closely against its inner surface. 
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COMPARATIVE DIGESTION EFFICIENCIES (% SAMPLE DECOMPOSITION) AS 
DETERMINED BY RESIDUAL TOC-TOTAL ORGANIC CARBON 
MEASUREMENTS 


Sample 

ultraCLAVE 

Standard 

High Pressure 

High Pressure 

(weight) 

microwave 

digestion 

microwave 

digestion 

microwave 

digestion 

conventional 
“bomb” system 


270°C/100 bar 
(1450 psig) 

200°C/30 bar 
(435 psig) 

280°C/80 bar 
(1160 psig) 

300°C/100 bar 
(1450 psig) 

Pharmaceutical 
(0.600 g) 

100% colorless/clear 

88% light yellow 

98% colorless 

99% colorless 

Organic Dye 
(0.500 g) 

99.9% colorless/clear 

65% brown-yellow 

95% colorless 
light yellow 

98% colorless 

Plastic 
(0.400 g) 

99.8% colorless/clear 

incomplete 

digestion 

brown/cloudy 

94% yellowish 

97% light 
yellowish 

Time 

15 minutes 
(digestion) 

25 minutes 
(total cycle time) 

60 minutes 

40 minutes 

120 minutes * 


* (Time given is for heating/digestion only and does not include cool down time required before vessel 
can be opened. Total cycle time : 480 minutes) 



File Mew*«ve £<«pHc System Hete 

iftiBiBRi iaHm muyrats 00121 a 


Pioiect 

Name [organic] 


P [B«*l II X T2X 


Step Time Walt 

0 00 00 00 0 Soil 0| 0| 0 

(«i 200 Borj 124a *C| 12 «X| T 1 -il 


I"» jJ _| > DO 20:00 

1 

2 

3 

4 

5 

I Eo«a Jj _] jj 050 Wall 

]D 

H 

8 

9 

10 


_| _l| 270 *C T 2 jJ _| _>J 60 'C 
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ULTRACLAVE SCHEMATIC 


PC Controlled Valve 



Magnetron 
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